This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 



BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 

TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEGIBLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 

As rescsmannfiimg docuiinnieinitts will mot coirirectt immages. 



9 



please d<u> miott report ttBne images to tie 
Image ProMeimn MaMbxDXo 




IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



IN RE APPLICATION OF Art Unit: 1617 

VERE HODGE ET AL. Examiner: Traers, Russell S. 

APPLICATION NO: 08/945,249 

FILED: FEBRUARY 2, 1998 

FOR: USE OF (R)-PENCICLOVIR TRIPHOSPHATE FOR THE 

MANUFACTURE OF A MEDICAMENT FOR THE TREATMENT OF 
VIRAL DISEASES 

MS: Appeal Brief 

Commissioner for Patents 
PO Box 1450 

Alexandria, VA 22313-1450 

TRANSMITTAL LETTER 

Sir: 

Enclosed herewith are three copies of the Appeal Brief in the above-identified application. 

^ Please charge Deposit Account No. 19-0134 in the name of Novartis in the amount of $330 for 

payment of the appeal fee. An additional copy of this paper is here enclosed. The Commissioner 
is hereby authorized to charge any additional fees which may be required, or credit any 
overpayment, to Account No. 19-0134 in the name of Novartis. 



Enclosed is a Petition for Extension of Time. 



Respectfully submitted, 



Novartis 

Corporate Intellectual Property 
One Health Plaza, Building 430 
East Hanover, NJ 07936-1080 
(862) 778-7909 
Date: April 23, 2004 





Thomas R. Savitsky 
Attorney for Applicants 
Reg. No. 31,661 



CASE 4-31 827A 

FILING BY "EXPRESS MAIL" UNDER 37 CFR TT75 

Express Mail Label Number Date of Deposit ' 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 

IN RE APPLICATION OF Art Unit: 1617 

VERE HODGE ET AL. Examiner: Traers, Russell S. 

APPLICATION NO: 08/945,249 

' FILED: FEBRUARY 2, 1998 

FOR: USE OF (R)-PENCICLOVIR TRIPHOSPHATE FOR THE 

MANUFACTURE OF A MEDICAMENT FOR THE TREATMENT OF 
VIRAL DISEASES 

MS: Appeal Brief 

Commissioner for Patents 
PO Box 1450 

Alexandria, VA 22313-1450 

BRIEF FOR APPELLANTS 

Sir: 

I. Real Party in Interest 

Novartis International Pharmaceuticals Ltd, of Hamilton HM 12, Bermuda is the owner of 
the entire right, title and interest in and to the invention described in the patent application by 
virtue of an Assignment from the previous owner, Smithkline Beecham p.l.c. 

II. Related Appeals and Interferences 

There are no related appeals or interferences. 

III. Status of Claims 

Claims 1, 4 and 16-20 stand rejected and are the claims on appeal which are set forth in 
Appendix A. Claims 1-7 were in the original application. Claim 2 was cancelled in a preliminary 
amendment. Claims 8-14 were added in the preliminary amendment. Claims 16-20 were added 
as a response mailed September 25, 1998. Claim 15 was cancelled in a Response mailed May 
7, 1999. Claims 3 and 5-14 are either withdrawn from consideration or are cancelled. 
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IV. Status of Amendments 



An Amendment After Final Rejection was mailed on August 28, 2003. 

The Advisory Action indicated that the Amendment would not be entered. In the 
Amendment After Final Rejection, it was attempted to cancel Claims 3 and 5-14 pursuant to the 
restriction requirement. Therefore, it is not known if the claims are indeed held to be cancelled 
or only withdrawn from consideration. In any event, the claims are not on appeal. It should be 
noted that in the Listing of Claims in the Amendment After Final Rejection, Claim 15 should have 
been indicated as being cancelled. 

V. Summary of Invention 

The present invention concerns treatment of HIV-1 infections and HBV infections. 

The method requires administration of an effective amount of the (R)-enantiomer of the 
triphosphate of penciclovir (PCV-TP). The inventors have discovered that the (f?)- enantiomer 
of PCV-TP is more active than the (S)- enantiomer in respect of inhibition of HBV DNA 
polymerase and in respect of inhibition of HIV-1 reverse transcriptase and is therefore more 
effective in treating HIV-1 infections and HBV infections. 

VI. Issues 

Whether Claims 1,4 and 16-20 are obvious under 35 U.S.C. §1 03(a) over WO 92/00742 
(Kenig et al.) or EP-A-0388049 (Boyd et al.). 

VII. Grouping of Claims 

Appellants Claims 1 , 4 and 16-20 do not stand or fall together. The patentability of 
Claim 1 will be argued separately from Claims 4 and 16-20. 

VIII. Argument 

Claims 1 , 4 and 16-20 are not obvious under Kenig et al. or Boyd et al. 

The final rejection of the claims under 35 U.S.C. §1 03(a) is based on the decision In re 
Adamson and Duffin, 125 USPQ 233 (CCPA 1960). The Final Rejection states that: 

"The skilled artisan, possessing a compound for a particular 
therapeutic use possesses all isomers, analogs, homologs, 
bioisosteres, acids, esters and salts of such compounds for that 
same use." 
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The Final Rejection cites Adamson for teaching that use of one or another optical isomer by the 
skilled artisan would have seen as prima facie obvious, absent some difference in kind between 
various isomers. Also, the Final Rejection cites In re Lohr, 137 USPQ 548 (CCPA 1963) for 
requiring a showing of "clear and convincing" evidence of unexpected benefits. Also, the Final 
Rejection cites In re Linden 173 USPQ 356 (CCPA 1972) to show that the scope of such 
evidence should reasonably commensurate with the scope of subject matter claimed. 

Appellants 1 claims are directed to a method of treating HIV-1 or HBV infection by use of 
the (R)-enantiomer of penciclovir triphosphate. Both the Kenig et al. and the Boyd et al. 
references do not disclose penciclovir triphosphate, nor do they disclose the (R)-isomer of this 
compound. Also these references teach different uses of penciclovir. 

To establish a prima facie case of obviousness, three basic criteria must be met. First, 
there must be some suggestion or motivation, either in the references themselves or in the 
knowledge generally available to one of ordinary skill in the art, to modify the reference or to 
combine the reference teachings. Second, there must be a reasonable expectation of success. 
Finally, the prior art reference (or references) when combined must teach or suggest all the 
claim limitations. See MPEP §2143. 

The motivation or suggestion to make the claimed combination and the reasonable 
expectation of success must be found in the prior art, not in the applicants disclosure. See 
MPEP §2143.01. The CCPA addressed motivation in In re Stemninski, 170 USPQ 343 (CCPA 
1971). The requisite motivation is not abstract, but practical, and is always related to the 
properties or uses one skilled in the art would expect the compound to have, if made. 

Appellants further note that in determining the non-obviousness of an invention, it is well- 
established that the prior art must be considered for all that it discloses, disclosures that teach 
away from an invention as well as those that point toward it. The United States Court of 
Appeals for the Federal Circuit [(Federal Circuit) in In re Gurley, 31 USPQ2d 1 131 (1994)], has 
stated that a reference will teach away from an invention when one of ordinary skill, upon 
reading the reference, would be discouraged from following the path set out in the prior art 
reference, or alternatively, would be led in a direction divergent from the path that was taken by 
the applicant. In Gillette Co. v S.C. Johnson & Son. Inc .. 16 USPQ2d 1932 (1990); the Federal 
Circuit also stated that a prior art reference teaches away when the reference would likely 
discourage the art worker from attempting the substitution suggested by the inventor/patentee. 

There is no question that Appellants have discovered that the (tf)-enantiomer of PCV-TP 
is more active than the (S)-enantiomer of PCV-TP for the claimed uses. Appellants on Page 4 
of their specification specifically cite work in references which confirm the advantages of the (R)- 
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enantiomer of PCV-TP relative to the (S)-enantiomer (i.e., Zoulin et al., Slivio et al. and Schinazi 
et al.). 

Attention is directed to publication by Earnshaw et al., Antimicrobial Agents Chemother, 
Vol. 36, pp. 2747-2757 (1992) (Earnshaw), submitted herewith as Appendix B. Earnshaw gives 
the impression that it is essentially the (S)-enantiomer of penciclovir triphosphate that is 
responsible for the beneficial pharmacological activity, and not the (R)-enantiomer: thus only 
the activities of the racemate (R,S) and of the (S)-enantiomer of the penciclovir triphosphate are 
investigated therein. Earnshaw is almost silent on the (/?)-enantiomer, and the few conclusions 
arrived at, indirectly, as regards the activity of the (F?)-enantiomer convey the impression that the 
(R)-enantiomer is not of real interest (see, e.g., Page 2752, column 1, lines 1-3), being much 
less active against viral DNA polymerases, except perhaps somewhat as regards HSV-2 DNA 
polymerase (see Page 2752, column 1 , lines 6-7). 

Moreover, on Page 2752, column 2, lines 5-15 of Earnshaw it is further shown that the 
(S)-enantiomer is far less inhibitory against the human cellular MRC-5 DNA polymerase a than, 
surprisingly, the racemate (see Page 2752, column 2, lines 5-15). This observation implies that 
the (R)-enantiomer is more inhibitory, a clearly undesirable effect since human cellular 
replication would be inhibited by the (R)-enantiomer, not viral replication. 

Still further, in DNA chain extension assays the (F?)-enantiomer appears to be a poorer 
substrate than the (S)-enantiomer for both the cellular MRC-5 and the viral HSV-2 DNA 
polymerases (see Page 2752, column 2, lines 33-37), again suggesting that that the 
(R)-enantiomer is not of pharmacological interest. 

Thus the overall teaching of Earnshaw would lead the skilled worker away from the 
present invention, i.e., it teaches away from appellants 1 invention. 

Attention is further directed to the publication by Vere Hodge and Cheng, Antiviral Chem 
Chemother, Vol. 4, Suppl. 1, pp. 13-24 (1993) (Vere Hodge), submitted herewith as 
Appendix C. While Vere Hodge emphasizes the important function of the triphosphate of 
penciclovir in the control of viral infection, it is either silent as regards the enantiomers of 
PCV-TP, or focuses on the major enantiomer, (S)-penciclovir triphosphate and its long half-life. 
Thus from Page 18, column 2, lines 4-16 of Vere Hodge it appears that either no labeled (R)- 
enantiomer formation could be detected in HSV-1 infected cells, or only up to about 10% in 
HSV-2 infected cells. Additionally, from Page 19, column 2, lines 23-25 it follows that the (/?)- 
enantiomer has little HSV DNA polymerase-inhibitory activity, providing no incentive or 
motivation to the skilled worker for investigating further the (R)-enantiomer in herpes infections. 
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Again, the skilled worker having Vere Hedge before him would thus be led away from 
further investigating the usefulness of the (R)-enantiomer. The prior art as exemplified in 
Earnshaw and Vere Hedge points towards only an insignificant or subordinate biological role for 
the (R)-enantiomer of penciclovir triphosphate and, therefore, provides no motivation for a 
skilled artisan to arrive at Appellants 1 invention. Rather both references provide a negative 
prejudice for using the (R)-enantiomer, i.e., they teach away from Appellants' invention. 

The Examiner does not identify support in the cited references to suggest or offer any 
strong motivation to resolve racemic compounds. The Final Rejection merely states that various 
optical isomers can differ in their physiological effects. There is no teaching in the cited prior art 
how to resolve this specific phosphate ester in enantiomerically pure form. The evaluation of 
efficacy of the (F?)-enantiomer required development of a specific methodology. There is no 
suggestion or motivation in the art to arrive at the compound required in applicant's claimed 
method. 

Furthermore, one of ordinary skill in the art would not have had a reasonable expectation 
of success. It is impossible to know a priori the efficacy of a specific optical isomer. It could not 
have been predicted that the (R) PCV-TP enantiomer would be a more active inhibitor of HBV 
DNA polymerases and HIV-1 reverse transcriptase than the (S)-enantiomer of PCV. The court 
in In re Ge/ger, 815 F. 2d 686,688 (Fed. Cir. 1987), held that even "though one skilled in the art 
might find it obvious to try various combinations" this does not meet the burden imposed on 
PTO. In the present case, one skilled in the art would have a reasonable basis to expect that 
(R)-enantiomer would be more bioactive. It was only synthesis and testing of the 
(S)-enantiomer that the activity could be ascertained. In fact, as discussed above, one skilled in 
the art would be led from investigating and obtaining in the optically pure form the 
(S)-enantiomer. 

Appellants note that: 

"... the term 'prima facie obvious 1 relates to the burden on the 
examiner at the initial stage of the examination, while the 
conclusion of obviousness vel non is based on the preponderance 
of evidence and argument in the record." 

(In re Oetiker 24 USPQ2d 1443, 1445 (Fed. Cir. 1992) 

Therefore, regardless of whether or not the references cited above that teach away from 
using the (R)-enantiomer (i.e., Earnshaw and Vere Hodge) are considered sufficient to avoid a 
prima facie case of obviousness or to rebut a prima facie case of obviousness, the 
preponderance of the evidence of record compels a conclusion of non-obviousness. 



Lastly, there is no teaching or suggestion in the cited prior art of the specific bioprecurser 
phosphate esters claimed herein in Claims 4 and 16-20. There is nothing in either Boyd et al. or 
Kenig et al. to teach or suggest use of these bioprecursors. Therefore, regardless of the 
allowance of Claim 1, Claims 4 and 16-20 are clearly patentable. 

In light of these remarks, Appellants respectfully request reversal of the rejection to 
Claims 1, 4 and 16-20 under 35 U.S.C. §103. 



Respectfully submitted, 



Corporate Intellectual Property 
One Health Plaza, Building 430 
East Hanover, NJ 07936-1080 



Novartis 




Attorney for Applicants 
Reg. No. 31,661 
(862) 778-7909 



TRS/ld 



Ends.: Appendices A-C 
Date: April 23, 2004 
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Appendix A 

Listing of Claims on Appeal : 

Claim 1 . A method of treatment of: 

i) HIV-1 infections in mammals, including humans; or 

ii) HBV infections in mammals, including humans; 

which method comprises the administration to the human in need of such treatment, an effective 
amount of the (R)-enantiomer of the triphosphate of a compound of formula (A): 

O 




-OH (A) 
((R)-PCV-TP), or a pharmaceutical^ acceptable salt thereof. 

Claim 4. The method according to Claim 1 wherein the (R)-PCV-TP is in the form of a 
bioprecursor which is a PL-ASOR derivative, phospholipids derivative, (R)-MP Bis(POM) 
derivative, (R)-MP diphenyl ester derivative, or dimyristoylglycerol diphosphate derivative of (R)- 
PCV-MP which liberates intracellular^ (R)-PCV-MP which is in turn converted to (R)-PCV-TP. 

Claim 16. The method according to Claim 4 wherein the bioprecursor is a PL-ASOR 
derivative. 

Claim 17. The method according to Claim 4 wherein the bioprecursor is a phospholipids 
derivative. 

Claim 18. The method according to Claim 4 wherein the bioprecursor is a (R)-MP Bis(POM) 
derivative. 

Claim 19. The method according to Claim 4 wherein the bioprecursor is a (R)-MP diphenyl 
ester derivative. 

Claim 20. The method according to Claim 4 wherein the bioprecursor is a 
dimyristoylglycerol diphosphate derivative. 
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Claim 4. The method according to Claim 1 wherein the (R)-PCV-TP is in the form of a 
bioprecursor which is a PL-ASOR derivative, phospholipids derivative, (R)-MP Bis(POM) 
derivative, (R)-MP diphenyl ester derivative, or dimyristoylglycerol diphosphate derivative of (R)- 
PCV-MP which liberates intracellular^ (R)-PCV-MP which is in turn converted to (R)-PCV-TP. 

Claim 16. The method according to Claim 4 wherein the bioprecursor is a PL-ASOR 
derivative. 

Claim 17. The method according to Claim 4 wherein the bioprecursor is a phospholipids 
derivative. 

Claim 18. The method according to Claim 4 wherein the bioprecursor is a (R)-MP Bis(POM) 
derivative. 
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Claim 20. The method according to Claim 4 wherein the bioprecursor is a 
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Mode of Antiviral Action of Penciclovir in MRC-5 Cells Infected 
with Herpes Simplex Virus Type 1 (HSV-1), HSV-2, 
and Varicella-Zoster Virus 

DAVID L. EARNSHAW, TERESA H. BACON, SARAH J. DARLISON, KAY EDMONDS, 
ROBERT M. PERKINS, and R. ANTHONY VERE HODGE* 

SmithKline Beecham Pharmaceuticals, Great Burgh, Yew Tree Bottom Road, 
Epsom, Surrey KT18 5XQ, England 

Received 23 July 1992/Accepted 5 October 1992 

The metabolism and mode of action of penciclovir [9-(4-hydroxy-3-hydroxymetbylbut-l-yl)guanine; BRL 
39123] were studied and compared with those of acyclovir. In uninfected MRC-5 cells, low concentrations of 
the triphosphates of penciclovir and acyclovir were occasionally just detectable, the limit of detection being 
about 1 pmoVlO 6 cells- In contrast, in cells infected with either herpes simplex virus type 2 (HSV-2) or - 
varicella-zoster virus (VZV), penciclovir was phosphorylated quickly to give high concentrations of the 
triphosphate ester. Following the removal of penciclovir from the culture medium, penciclovir-triphosphate 
remain e d tr a pped within the ceils for a long time (batf- lives, 26 and 7 h in HSV-2- and VZV-infected ceils, 
respectively). In HSV-2-infected cells, acyclovir was phosphorylated to a lesser extent and the half-life of the 
triphosphate ester was only 1 h. We were unable to detect any phosphates of acyclovir in VZV-infected cells. 
(5)-Penciclovir-triphosphate inhibited HSV-1 and HSV-2 DNA polymerases competitively with dGTP, the K t 
values being 8.5 and 5.8 p-M, respectively, whereas for acyclovir-triphosphate, the K t value was 0.07 p,M for 
the two enzymes. Both compounds had relatively low levels of activity against the cellular DNA polymerase o, 
with K t values of 175 and 3.8 p-M, respectively. (S)-PencicIovir-triphosphate did inhibit DNA synthesis by 
HSV-2 DNA polymerase with a denned template-primer, although it was not an obligate chain terminator like 
acyclovir-triphosphate. These results provide a biochemical rationale for the highly selective and effective 
inhibition of HSV-2 and VZV DNA synthesis by penciclovir and for the greater activity of penciclovir than that 
of acyclovir when HSV-2-infected cells were treated for a short time. 



Penciclovir, through its triphosphate ester (Fig. 1), is a 
potent and selective antiherpesvirus agent, particularly 
against herpes simplex virus types 1 and 2 (HSV-1 and 
HSV-2, respectively) and varicella-zoster virus (VZV) (9, 3, 
4). Previous studies (3, 4, 9) showed that penciclovir has a 
spectrum of antiviral activity similar to that of acyclovir, but 
that penciclovir has an antiviral effect that is longer lasting 
than that of acyclovir. This may relate to the efficient 
trapping of the active metabolite, the triphosphate ester of 
penciclovir, within virus-infected cells (22). Penciclovir and 
its well-absorbed oral form, famciclovir (23), are undergoing 
clinical trials for their efficacies not only against HSV-1 
infections but also against HSV-2 and VZV infections. There 
may be appreciable quantitative differences between the 
rates of metabolism of penciclovir in HSV- and VZV- 
infected cells. The uptake and phosphorylation in VZV- 
infected cells has been reported for a pyrimidine analog, 
l-p-D-arabinofuranosyI-£'-5-(2-bromovinyl)uracil (25), and for 
acyclovir at 250 u.M (1), but we are unaware of any reports 
of similar work with acycloguanosine analogs at clinically 
relevant concentrations. Only recently (2) have we been able 
to provide a clear indication that penciclovir has prolonged 
antiviral activity in VZV-infected cells. Therefore, it was of 
particular interest to determine whether penciclovir-triphos- 
phate (PCV-TP) is formed and then remains at high concen- 
trations within VZV-infected cells following treatment of the 
cell culture for a short period. 

In this report, we describe the continuation of our studies 



of the mode of action of penciclovir in comparison with that 
of acyclovir. We investigated the phosphorylation of the 
acyclonucleosides in HSV-2- and VZV-infected human cells 
and the stability of PCV-TP in these cells. Also, we report 
results of our initial studies in which we investigated the 
effect of PCV-TP on HSV and VZV DNA polymerases. The 
phosphate esters of penciclovir, unlike those of acyclovir, 
are chiral with the possibility that the (R) and (S) enanti- 
omers of the triphosphate ester are formed, although the (5) 
enantiomer is the predominant form in HSV-l-infected cells 
(11). Also, "because of the availability of a liydroxyl group 
corresponding to the 3'-hydroxyl of the 2'-deoxyribose ring, 
penciclovir is not an obligate DNA chain terminator as is 
acyclovir (18, 19). We compared racemic and (S)-PCV-TPs 
as inhibitors of viral and cellular DNA polymerases and 
investigated their effects on DNA chain extension. 

MATERIALS AND METHODS 

Radiochemicals. [4'- 3 H]penciclovir (27.8 GBq/mmol; 27.0 
GBq/mmol after allowing for purity) was prepared by Smith- 
Kline Beecham Pharmaceuticals, and [2'- 3 H]acyclovir (925 
GBq/mmol) was obtained from NEN Research Products, Du 
Pont (UK) Ltd., Stevenage, United Kingdom. [methyl- 3 H] 
thymidine 5 '-triphosphate (1.63 TBq/mmol), [8- 3 H]deoxy- 
guanosine 5 '-triphosphate (603 GBq/mmol), and adenosine 
5'.[ 7 - 32 P]triphosphate (110 TBq/mmol) were obtained from 
Amersham International pic, Little Chalfont, United King- 
dom. 

Cells and viruses. MRC-5 cells were grown by standard 
cell culture techniques. HSV-1 strain SC16 (10) was pro- 
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FIG. 1. Structure of (5)-PCV-TP. 



vided by H. J. Field, Department of Pathology, University of 
Cambridge, Cambridge, United Kingdom, and HSV-2 strain 
MS and VZV strain Ellen were obtained from the American 
Type Culture Collection. 

Formation and stability of penciclovir and acyclovir phos- 
phates. With HSV-2-infected cells, experiments were per- 
formed essentially as described previously (22). For compar- 
ison with earlier work (see reference 22 and references 
therein), the rates of formation of the triphosphate esters [in 
picomoIes/(minute • gram of cells)] were calculated from the 
slope of the line in the graph, multiplying by 250, to convert 
1CT cells to 1 g of cells (22), and dividing by 60 to convert 
hours to minutes. 

Cell-associated VZV was prepared in MRC-5 cells. When 
the cytopathic effect was estimated to be approximately 
80%, the cell monolayer was treated with trypsin, and the 
cells were resuspended in growth medium containing 10% 
dimethyl sulfoxide and stored at -196°C. 

For phosphorylation experiments, MRC-5 cells were 
grown to near confluency under normal conditions (medium 
supplemented with 10% fetal calf serum) in 25-cm 2 flasks; 
the medium was then poured off and the monolayer was 
infected with cell-associated virus in fresh medium (10 ml, 
2% newborn calf serum 1% penicillin-streptomycin). Infec- 
tions were allowed to proceed for a minimum of 48 h, at 
which point the first signs of a cytopathic effect became 
visible. 

Once the desired extent of the cytopathic effect was 
reached, cell monolayers were incubated with fresh mainte- 
nance medium (3 ml) containing 10 u,M [ 3 H]penciclovir or 
[ 3 H]acyclovir (each at 28 GBq/mmol). At appropriate times 
after acyclonucleoside addition, intracellular phosphates 
were extracted as described previously (22). The stability of 
PCV-TP was studied by adding fresh maintenance medium 
(3 ml) containing 10 u.M [ 3 H]penciclovir (28 GBq/mmol) 
approximately 100 h after infection, incubating for a further 
18 h before removal, and replenishing with fresh medium (50 
ml). Harvesting of the remaining intracellular phosphates, at 
the times indicated in the Results, was as described above 
for HSV-2 infected cells. 

HPLC analysis of penciclovir and acyclovir phosphate ex- 
tracts. Phosphate-buffered ethanol extracts were dried under 
vacuum and resuspended in one-fifth the original volume 
prior to analysis by one of two high-pressure liquid chro- 
matographic (HPLC) methods to resolve and quantitate 
nucleoside mono-, di-, and triphosphate esters. Samples 
from the penciclovir and acyclovir phosphate formation 
comparison in HSV-2-infected cells were dissolved in 5 mM 
K 2 HP0 4 -1 mM heptyltriethylammonium phosphate and 
were analyzed by using a Waters Nova-Pak C 18 column and 
a linear elution gradient from 95% buffer A (5 mM 
KH 2 P0 4 -1 mM heptyltriethylammonium phosphate [pH 5])- 
5% buffer B (15 mM KH 2 P0 4 in 70% methanol) to 60% buffer 
A-40% buffer B. Samples from all other experiments were 
resuspended in 50 mM K 2 HP0 4 -KH 2 P0 4 (pH 6.8) and 



analyzed with a Phase Sep CWCyST^ column by using 
isocratic conditions (150 mM K 2 HP0 4 , KH 2 P0 4 [pH 6.8], 
6% methanol). Flow rates of 0.5 ml/min were used for elution 
in both HPLC methods; the tritiated nucleosides and nucle- 
otides were monitored with an ISOFLO detector and peak 
areas calculated by using either an Apple computer and a 
Nuclear Enterprises Ltd. program or a Walters PC AT 
computer and RAYTEST RAMONA Radio-Chromato- 
graphic system program. Concentrations of nucleosides and 
phosphate esters were calculated from the corresponding 
peak areas of [ 3 H]acyclonucleoside standards chromato- 
graphed under identical conditions. All other equipment and 
methodologies were as described previously (22), with the 
additional use of an LKB 2156 solvent conditioner. 

DNA polymerase preparations. The following procedures 
were carried out at 4°C. HSV-1 and HSV-2 DNA polymer- 
ases were extracted from infected MRC-5 cells (multiplicity 
of infection, 0.01 PFU per cell, incubated for 40 h at 37°C) 
by treatment with high salt concentrations essentially as 
described previously (17). After dialysis versus buffer C 
(50 mM HEPES [iV-2-hydroxyethylpiperazine- J /v"-2-ethane- 
sulfonic acid; pH 7.8];G.l mM EDTA;<3.1 mMdithiothreitol; 
20% [vol/vol] glycerol; protease inhibitors pepstatin A, leu- 
peptin, soybean trypsin inhibitor [each at 0.5 u,g/ml]), DNA 
polymerase extracts were chromatographed on a DEAE- 
Sepharose column. Fractions containing DNA polymerase 
activity were pooled and then frozen at -40°C until they 
were required for K t determinations. VZV DNA polymerase 
from infected cultures showing a cytopathic effect of about 
80% was prepared as described above, except that the 
extract was chromatographed on a phosphocellulose col- 
umn. MRC-5 cell DNA polymerase a from uninfected cells 
was purified by DEAE-Sepharose chromatography. In order 
to perform DNA chain elongation assays, HSV-2 and 
MRC-5 DNA polymerases needed further purification to 
remove contaminating DNase activity. HSV-2 DNA poly- 
merase was chromatographed on a Whatman Pll phospho- 
cellulose column; the later part of the DNA polymerase peak 
(fraction 2) was nuclease-free. MRC-5 DNA polymerase a 
was further purified on an anti-DNA polymerase immuno- 
globulin G-agarose column (modified from a previously 
described method [15]); the monoclonal immunoglobulin G 
antibody was from hybridoma line SJK 287-38 (CRL 1644; 
American Type Culture Collection). 

DNA polymerase assays. HSV DNA polymerase activity in 
column fractions was measured in r eacti on volumes (25 
containing 50 jiM dATP, 50 \xM dCTP, 50 uM dGTP, 37 
KBq of pHJdTTP (1.63 TBq/mmol), 50 mM Tris-HCl (pH 
7.5), heat-treated bovine serum albumin (250 M-g/ml), acti- 
vated calf thymus DNA (5 ng) (20), 1 mM dithiothreitol, 3 
mM MgCl 2 , 150 mM (NH 4 ) 2 S0 4 , and enzyme fraction (2.5 
ul). Assays for MRC-5 DNA polymerase a were similar, but 
the assay mixture contained 10 mM MgCl 2 and additional 
bovine serum albumin (250 u.g/ml) in place of (NH 4 ) 2 S0 4 . 
The conditions used for the determination ofKt values were 
those described above, except that a suitable range of 
[ 3 H]dGTP concentrations (all at 120 GBq/mmol) and 50 u,M 
dTTP were substituted. 

All incubations were for 30 min at 37°C. Reactions were 
stopped by the addition of an equal volume of 20% (wt/vol) 
trichloroacetic acid in 20 mM sodium PPi- After reaction 
mixtures were left on ice for 15 min, they were spotted onto 
glassfiber filter mats (type 1205-404; Pharmacia-LKB, Milton 
Keynes, United Kingdom), washed three times for 15 mm 
each time in ice-cold 5% (wt/vol) trichloroacetic acid, rinsed 
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for 30 s in ethanol, dried, and counted by using an LKB 1205 

Betaplate scintillation counter. . 

Preparation of PCV-TP and ACV-TP. Racemic (R,S)- 
PCV-TP and acyclovir-triphosphate (ACV-TP) were chemi- 
cally synthesized by SmithKline Beecham Pharmaceuticals. 
(S)-PCV-TP (enantiomeric purity, >95%) (11) was prepared 
as follows. MRC-5 cells, infected 24 h previously with 
HSV-1 SC16 at 0.01 PFU per cell, were incubated for 24 n in 
medium containing 100 u-M penciclovir. PCV-TP was ex- 
tracted with phosphate-buffered ethanol as described above. 
All acyclonucleoside triphosphate preparations were puri- 
fied by HPLC by using a PhaseSep C 18 /C3NH 2 column with 
conditions as described above; this was followed by ammo- 
nium formate elution from DEAE-Sepharose and finally 
repeated lyophilization (each preparation was subsequently 
demonstrated by HPLC to be 96% pure PCV-TP]. 

DNA chain elongation assays, (i) Assays with [ P]oligonu- 
cleotide primer. A 17-mer oligonucleotide of sequence 5 - 
TGTGAAATTGTTATCCG-3 ' was synthesized by using an 
Applied Biosystems 380A machine (Applied Biosystems 
Ltd , Warrington, United Kingdom) and was end-labeled by 
usine [■y- 32 P1ATP and a 5'-terminus DNA labeling kit con- 
taining T4 polynucleotide kinase (GIBCO Bethesda Re- 
search Laboratories, Paisley, Scotland). In a total assay 
sample volume of 7.5 ul, labeled 17-mer singly annealed to 
sinele-strand M13mpl8 positive-strand DNA (0.2 £g); 5U 
mM Tris-HCl ( P H 7.5); 3 mM MgCl 2 ; 150 mM (NH^SO,; 50 
llM (each) dATP, dCTP, and dTTP; 1 mM dithiothreitol; 
bovine serum albumin (250 ng/ml); nuclease-free HSV-2 
DNA polymerase (fraction from phosphocellulose chroma- 
tography 2 u.1); and various dGTP-inhibitor concentrations 
were incubated at 37°C for 60 min. After incubation and 
addition of formamide-bromophenol blue, samples were 
electrophoresed on a urea-denaturing polyacrylamide gel in 
Tris-borate buffer (pH 8.3). Autoradiography of dried gels 
allowed visualization of discrete DNA elongation products. 

(ii) Assays with [ 3 HldNTPs and 17 26-mer primer-template. 
Assays with [ 3 H]deoxynucleoside triphosphates (dNTPs) 
and 17-26-mer primer template were done in a total assay 
volume of 12.5 u.1 containing the components listed above, 
except for the following modifications. The 17-26-mer prim- 
er-template (1 ng), [ 3 H]dNTP (dATP, dCTP^or ^TTP, each 
at 2.5 Hi) of the appropriate dilution, PCV-TP (2.5 ^1), and 
HSV-2 DNA polymerase (1.25 ul) were incubated at 37 C for 
60 min Reactions were stopped by the addition of an equal 
volume of 40 mM EDTA; and the reaction mixture was 
spotted onto DEAE filter mats (type 1205-405 Pharmacia- 
LKB), washed three times in 2x SSC buffer (lx SSC is 
0 015 M NaCl plus 0.015 M sodium citrate), dried, and 
counted in a LKB 1205 Betaplate counter. 

(Hi) Assays with [ 32 P]dATP. Assays with [ 32 P]ATP were 
done in a total assay sample volume of 10 u,l containing the 
components listed above for the assays with [ 32 P]ohgonucle- 
otide primer, except for the following modifications: 12 u,M 
[ 32 P]dATP, 12 u,M (each) dCTP and dTTP, 0.2 u,g of unla- 
beled 17-mer-M13 positive-strand DNA primer-template, 
dGTP-PCV-TP (1.65 u.1), and HSV-2 DNA polymerase (2 u.1) 
were incubated at 32°C for 60 min unless otherwise stated 
Reactions were stopped by adding an equal volume of 40 
mM EDTA. Portions of the stopped reaction mixtures (5 or 
10 iil) were spotted onto DEAE filter mats, washed, and 
counted as described above for the assays with [ 3 H]dNTPs 
and 17:26-mer primer-template; and portions (5 jil) were 
electrophoresed on a 0.8% alkaline agarose gel (30 mM 
NaOH, 1 mM EDTA), which was dried and autoradio- 
graphed. 
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Analysis of HSV-2 DNA content of drug-treated, virus- 
infected MRC-5 cells. Monolayers of MRC-5 cells prepared 
in microliter plates were infected with HSV-2 MS at approx- 
imately 0 3 PFU per cell and treated in triplicate with either 
penciclovir or acyclovir. Cell lysates were prepared 24 h 
after infection with 1% (wt/vol) sodium dodecyl sulfate in 
water and transferred to nylon filters (BioTrace RP; Gelman 
Sciences) by using a Hybri-Dot manifold (GIBCO Bethesda 
Research Laboratories). The viral DNA content was then 
determined by hybridization with a 32 P-labeled probe spe- 
cific for HSV-2 DNA essentially as described previously (6). 
The HSV-2 DNA probe pGR60 contains the HSV-2 Bglll N 
fragment cloned in pBR322 (provided by P. O'Hare, Marie 
Curie Memorial Foundation, Oxted, United Kingdom). 

RESULTS 

Comparison of phosphorylation of penciclovir in HSV-1- 
and HSV-2-infected cells- During the 4-h incubation with 10 
uM penciclovir, the average rates of triphosphate formation 
were 2,000 and 1,200 pmol/(min • g of cells) in HSV-1- and 
HSV-2-infected cells, respectively. Of the total phosphory- 
lated penciclovir, the proportions of penciclovir-diphosphate 
and -monophosphate were noticeably greater in cells in- 
fected with HSV-1 than in cells infected with HSV-2 (10 and 
2% of the di- and monophosphates, respectively, in HSV-1- 
infected cells compared with 6 and <1%, respectively, in 
HSV-2-infected cells). During the incubation with 1 uM 
penciclovir, the rates of formation of the three phosphate 
esters were generally about 10-fold less than those described 
above, although the average rate of PCV-TP formation was 
slightly greater in cells infected with HSV-1 than in cells 
infected with HSV-2 [200 and 98 pmol/(min • g of cells], 

respectively). ... tjw> 

Phosphorylation of penciclovir and acyclovir in HSV-Z- 
infected cells- Both penciclovir and acyclovir were phosphor- 
ylated to the triphosphate ester in HSV-2-infected MRC-5 
cells. However, the rate of phosphorylation of penciclovir 
was much greater than that of acyclovir (Fig. 2). From 10 
uM penciclovir, PCV-TP was formed at a nearly constant 
rate throughout the 24-h experiment [1,200 pmol/(min • g of 
cells) during the first 4 h; 1,000 pmoV(min • g of cells) 
thereafter]. The corresponding rates for incubation with 1 
llM penciclovir were 140 and 100 pmol/(min - g of cells), 
respectively. During the incubation with 10 \lM penciclovir, 
the concentration of the drug in the medium remained at 
about 10 ^M for 3 h and then decreased to 8.5 u-M at 4 h and 
7.5 u-M at 8 h and was only 3.9 p.M at 24 h. Similarly, for 1 
itM penciclovir, the drug concentrations decreased after 4 h, 
to 0 7 m,M at 8 h and 0.5 u.M at 24 h. For both penciclovir 
concentrations, the loss of compound in the medium was 
balanced by the increased amount of phosphorylated com- 
pound in the cells. Because the amount of drug in the cell 
culture medium was reduced during the incubation to about 
40 to 50% of its initial value, this could easily account for the 
slight reduction in the observed phosphorylation rate. 

ACV-TP was also formed in increasing concentrations 
over the 24-h incubation, although the initial rate of forma- 
tion during the first 2 h was much more than that dunng the 
remainder of the incubation [for 10 \iM acyclovir, 150 and 16 
pmol/(min . g of cells), respectively; for 1 u.M acyclovir, 
about 15 and 5 pmol/(min - g of cells), respectively]. How- 
ever, the concentrations of acyclovir in the medium re- 
mained unchanged throughout the 24-h incubation (9.9 and 
1.1 u-M found at 24 h). Therefore, the decrease in the rate of 
ACV-TP formation could not be accounted for by any 
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FIG 2 Formation of acyclonucleotides in HSV-2-infected MRC-5 cells. [4'- 3 H]penciclovir or [2'- 3 H]acyclovir was added 20 h after 
infection (0 01 PFU per ceU). At the indicated times, cells were extracted and the samples were assayed by HPLC as described in the text. 
For penciclovir at 10 jjlM (a) and 1 u,M (b), the lines, fitted by linear regression to the values up to 4 h, arej gjven by the equations y « 286* 
_ = 0.992) andy = 34* - 5 (r 2 = 0.982), respectively, (c) 10 u.M acyclovir; (d) 1 \lM acyclovir. PCV, penciclovir; ACV, acyclovir, 

TP, triphosphate; DP, diphosphate; MP, monophosphate. 



change in the concentration of acyclovir in the cell culture 
medium. Following initial treatment with the compound at 
10 fiM, the final intracellular amount of PCV-TP, 5,830 
pmol/10 6 cells (about 1,500 u,M), was much greater than that 
of ACV-TP, 150 pmol/10 6 cells (about 38 p.M), and those of 
penciclovir or acyclovir in the cell culture medium (4 or 10 
u,M, respectively) after 24 h of treatment. 

The proportions of the mono-, di-, and triphosphate esters 
of penciclovir and acyclovir differed. The monophosphate of 
penciclovir was detected only at 24 h when it was present at 
0.3% of the triphosphate concentration. An increase in 
penciclovir-diphosphate concentrations was observed over 
the 24-h period, although as a percentage of the total 
phosphorylated derivatives, it decreased from about 25% at 
1 min to about 2% at times after 40 min. For acyclovir, the 
proportions of diphosphate ester were comparable to those 
of the penciclovir diphosphate ester, but the monophosphate 
ester of acyclovir was present at greater concentrations, 
initially being the major phosphorylated derivative (55% at 5 
min) but decreasing to about 1% at 3 h. 

In control uninfected cells treated with 10 u.M drug, very 
low levels of the triphosphate esters of penciclovir and 
acyclovir were detected. After 4 h of incubation, there was 
about 1 pmol/10 6 cells of triphosphate ester from penciclovir 
or acyclovir, and the levels remained below 2 pmol/10 6 cells 
for the remainder of the 24-h incubation. 

Stability of intracellular triphosphate esters of penciclovir 



and acyclovir in HSV-2-infected cells. The stabilities of the 
phosphate esters of penciclovir and acyclovir following 
removal of extracellular drug are shown in Fig. 3. After 
incubation of virus-infected cells with [ 3 H]penciclovir or 
[ 3 H]acyclovir from 1.25 to 5.5 h postinfection and then 
washing of the cells, the intracellular triphosphate ester 
levels were 557 and 9.6 pmol/10 6 cells, respectively, and the 
residual extracellular concentrations of the corresponding 
acyclonucleosides were <1 pmol/10 6 cells. During the next 8 
h of incubation, the concentrations of PCV-TP decreased 
slowly (Fig. 3a). In contrast, the concentrations of the 
phosphates of acyclovir decreased much more rapidly, fall- 
ing below the detection limit within 4 h (Fig. 3b). Under 
these conditions, the half-lives of the triphosphates of pen- 
ciclovir and acyclovir were about 20 and 1 h, respectively. 

As the amounts of acyclonucleotides within the cells 
decreased, the resulting acyclonucleoside diffused out of the 
cells into the culture medium. In cell cultures treated with 
penciclovir, the concentrations of penciclovir in the medium 
increased almost linearly during the 8-h incubation period 
(Fig. 3c). In contrast, acyclovir concentrations initially in- 
creased rapidly but reached the maximum level after 2 h 
(Fig. 3d), by which time virtually all of the acyclovir phos- 
phates had been converted to acyclovir. 

Penciclovir and acyclovir phosphate formation in VZV- 
infected cells. Initial experiments found that, early in the cell 
culture infection while the cytopathic effect was low, rates of 
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FIG. 3. Stability of intracellular penciclovir phosphates (a) and acyclovir phosphates (b) and diffusion of penciclovir (c) and acyclovir (d) 
into the cell culture medium. MRC-5 cells were infected with HSV-2 (1 PFU per cell), and 10 u-M [4'- 3 H]penciclovir or [2'- 3 H]acyclovir was 
added from 1.25 to 5.5 h after infection. Then, the cell cultures were washed, and at the indicated times, cells were extracted and the samples 
were assayed by HPLC as described in the text, (a and b) The half-lives of the triphosphate esters were calculated from the lines, fitted by 
linear regression, given by the equations y - 510 x io<-°- 017 *> (r 2 = 0.889) andy = 10 x io<-°- 277 *> 0.980), respectively, (c and d) The 
extracellular concentrations of the acyclonucleosides were calculated from the measurement of radioactivity in a sample (50 uJ) taken at each 
of the indicated times. In those samples also assayed by HPLC, radioactivity was present only in the peak corresponding to the 
acyclonucleoside. PCV, penciclovir; ACV, acyclovir; TP, triphosphate; DP, diphosphate; and MP, monophosphate. 



PCV-TP formation were limited by the number of cells 
infected with VZV. Having determined suitable conditions 
for the study of phosphate formation, more comprehensive 
6-h time course experiments were undertaken (Fig. 4). 
PCV-TP formation was nearly linear with time. At 6 h after 
the addition of penciclovir to a cell monolayer with a 
cytopathic effect of approximately 80%, the concentration of 
PCV-TP was 220 pmol/10 6 cells. We were unable to detect 
ACV-TP, even after incubation with acyclovir for 6 h in a 
cell monolayer with a cytopathic effect of 80%; under these 
conditions, the limit of detection was estimated to be 1 
pmol/10 6 cells, inferring that ACV-TP levels were <0.25 
M-M. As in both HSV-1- and HSV-2-infected MRC-5 cells, 
penciclovir appears to be phosphorylated much more readily 
than acyclovir in VZV-infected cells, implying that the 
former is a better substrate for HSV- and VZV-encoded 
thymidine kinases. At the end of this experiment, the ap- 
proximate ratio of the mono-, di-, and triphosphates were 
1:5:10, respectively (Fig. 4, inset). 

Stability of PCV-TP in VZV-infected cells. To ensure that 
sufficient concentrations of PCV-TP were formed for subse- 
quent stability analysis, infected cell monolayers were incu- 
bated for 4 days, by which time an extensive cytopathic 



effect had developed, before incubating overnight with 10 
jjlM penciclovir. The intracellular PCV-TP stability profile is 
depicted in Fig. 5, and from the line fitted by linear regres- 
sion, a half-life of 7.2 h was derived. However, approxi- 
mately 30% of the initial intracellular PCV-TP concentration 
was still present 24 h after drug removal. 

Inhibition of isolated DNA polymerases. We determined 
previously (11) that, following HSV-1 infection of MRC-5 
cells and incubation with penciclovir, >95% of the triphos- 
phate ester of penciclovir formed is the (5) enantiomer. 
(S)-PCV-TP was synthesized biochemically via this route 
and was purified as described in Materials and Methods; a 
chemically synthesized racemate of PCV-TP was purified for 
these studies to give an indication of the inhibitory effect of 
the (R) enantiomer of PCV-TP. The data from representative 
kinetic experiments are presented as Lineweaver-Burk plots 
(Fig. 6), and the derived K t values are given in Table 1. The 
results demonstrate that (S)-PCV-TP is a competitive inhib- 
itor of HSV-1 and HSV-2 DNA polymerases with respect to 
the natural substrate dGTP (K £ s, 8.5 and 5.8 u,M, respective- 
ly). (/?,5)-PCV-TP was also a competitive inhibitor of HSV 
DNA polymerases, but its K t (16.0 u,M) for HSV-1 DNA 
polymerase with respect to dGTP was almost twice as large 
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as that determined for the (5) enantiomer, implying that 
(/?)-PCV-TP does not compete for dGTP at the same order of 
magnitude as the (5) enantiomer does. However, for HSV-2 
DNA polymerase, the K t value for (/*,S)-PCV-TP (9.5 u,M) 
was slightly less than twice the K t value for (S)-PCV-TP (5.8 
u.M), allowing the possibility that (/^-PCV-TP could have 
some inhibitory activity against HSV-2 DNA polymerase. 
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FIG. 5. Stability of PCV-TP in VZV-infected MRC-5 cells. [4'- 
3 H]penciclovir at 10 p.M was added to VZV-infected cultures 
showing extensive viral cytopathic effect, the cells were extracted, 
and the samples were assayed as described in the text. The half-life 
of the triphosphate ester was calculated from the line, fitted by linear 
regression, given by the equation y = 140 x xo ( ~ 0 042,r) (r 2 = 0.961). 



(*,5>PCV-TP also inhibited VZV DNA polymerase, with 
the 50% inhibitory concentration (IC 50 ) being 75 jjlM, which 
may infer that the value for the (S) enantiomer would be 37.5 
M-M. In comparison, the value for ACV-TP was 0.88 u,M. 
(S)-PCV-TT was far less inhibitory to human MRC-5 DNA 
polymerase a (K i7 175 u,M) than to HSV DNA polymerases 
(Kp, 8.5 and 5.8 u,M) or than ACV-TP was to DNA poly- 
merase a (K i9 3.8 u,M). It was surprising to find that the (R,S) 
racemate of PCV-TP was a stronger competitive inhibitor of 
DNA polymerase a than the (5) enantiomer was (/^s, 45 and 
175 u-M, respectively), particularly since the latter was 
shown to be the enantiomer mainly responsible for compet- 
itive inhibition of HSV DNA polymerases. This result im- 
plies that the Ki value for the (/?)-PCV-TP for the cellular 
DNA polymerase a was about 25 u,M. 

DNA chain extension assays. By using the dideoxy DNA 
sequencing methodology with saturating concentrations of 
all four normal dNTPs, both MRC-5 and HSV-2 DNA 
polymerases were able to extend the primer hybridized to 
M13 DNA template, with the herpesvirus polymerase being 
more processive than DNA polymerase a (Fig. 7, lanes 1 and 
6). In the absence of dGTP (Fig. 7, lanes 5 and 10), a small 
amount of misincorporation of the other three natural dNTPs 
was observed; HSV-2 DNA polymerase displayed a reduced 
fidelity of replication compared with DNA polymerase a. 
DNA polymerase assays in the presence of ACV-TP (Fig. 7, 
lanes 4 and 9) indicated that ACV-TP is readily incorporated 
into DNA at the first position where dGTP would normally 
be inserted, resulting in chain termination. PCV-TP did 
allow limited DNA chain extension past several presumed 
penciclovir-monophosphate residues (Fig. 7, lanes 2 and 7), 
whereas ACV-TP terminated DNA chain extension (Fig. 7, 
lanes 4 and 9). Inclusion of (K,S)-PCV-TP in DNA chain 
extension assays resulted in a marked decrease in DNA 
synthesis (Fig. 7, lanes 3 and 8) in comparison with (S)-PCV- 
TP, suggesting that the (R) enantiomer is a poorer substrate 
than the (5) enantiomer for both DNA polymerases. 

The effects of (S)-PCV-TP on the incorporation of the 
other nucleotides were studied by using a short defined 
17:26-mer primer-template: 

3 ' -ACACTTTAACAATAGGCGAGTGTTAA-5 ' 

5 ' -TGTGAAATTGTTATCCG-3 ' 

This primer-template could be extended by up to nine bases, 
three each of dATP, dCTP, and dTTP. Because there was no 
position at which dGTP would normally be inserted, the 
effect of (S)-PCV-TP on the incorporation of these other 
three dNTPs could be studied without hindrance from the 
competitive inhibition and any possible inactivation proc- 
esses that would occur with the M13 DNA template. 

There was no effect on the incorporation of dATP or dCTP 
by (S)-PCV-TP, b ut t here was a clear competitive-type 
inhibition toward dTTP incorporation. Although this inhibi- 
tion was completely reversed in the presence of 50 uM 
dGTP, and therefore probably does not play a major part in 
the inhibition of viral DNA synthesis, it is an unexpected 
inhibitory mechanism. 

In an attempt to add [4'- 3 H](5)-PCV-TP to the primer by 
using Klenow DNA polymerase, the incorporation was < 1% 
of that with [ 3 H]dGTP. In comparison, the incorporation of 
[ 3 H]ACV-TP was reported to be 17% (19). Therefore, it 
seems that (S)-PCV-TT is a poor substrate for incorporation 
into DNA compared with ACV-TP. 
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TABLE 1. Kinetic constants 







Compound concn (p.M)° 




DNA poly- 
merase 


K m for 




K 






dGTP 


(S)-PCV-TP 


(RjyPCV-TP 


ACV-TP 


HSV-1 
HSV-2 
MRC-5* 


0.57 ± 0.2 
0.36 ± 0.1 
0.97 ± 0.05 


8.5 ± 0.5 
5.8 ± 0.8 
175 ± 25 


16.0 ± 2.0 
9.5 ± 0.5 
45 ± 5 


0.07 ± 0.0 
0.07 ± 0.02 
3.8 . ± 0.7 



a Values are the mean ± range of two determinations. 
b DNA polymerase a. 



Inhibition by (S)-PCV-TP under processive and nonproces- 
sive conditions. An assay method was developed in order to 
size and quantitate DNA products up to 7.3 kb in length; this 
is the maximum length that would be obtained if the M13 
positive-strand DNA was replicated completely by highly 
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FIG. 7. Inhibition of DNA chain extension. Assays were per- 
formed as described in the text, with the following concentrations of 
dGTP or inhibitor (all assays contained 50 u,M dATP, dCTP, and 
dTTP). Lanes: 1 and 6, 50 mM dGTP; 2 and 7, 50 \xM (S)-PCV-TP; 
3 and 8, 50 \lM (K,S)-PCV-TP; 4 and 9, 50 p.M ACV-TP; 5 and 10, 
no additional nucleotide. POL, polymerase. 
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FIG. 8. Sensitivity of processive DNA replication to (S)-PCV- 
TP. With processive DNA replication at 32°C, [ 32 P]dATP.was used 
to monitor the newly synthesized DNA which was electrophoresed 
on 0.8% alkaline agarose gel as described in the text. 



processive DNA polymerase action. DNA synthesis was 
quantitated by determining [ 32 P]dATP incorporation into 
DNA; the sizes of the synthesized DNA strands were 
estimated from autoradiographs of denaturing agarose gels. 
It had been reported previously (16) that the processivity of 
pure HSV-1 DNA polymerase is greatly enhanced by the 
addition of Escherichia coli single-strand DNA-binding pro- 
tein. This effect was not observed with our partially purified 
viral DNA polymerase samples, possibly because they 
would have contained the viral protein encoded by the gene 
UL42 (7). The processivity of our HSV-2 DNA polymerase 
was, however, sensitive to the assay incubation tempera- 
ture. DNA of almost 7 kb was synthesized at a temperature 
of 32°C, but only short lengths (<0.5 kb) were synthesized at 
37 or 30°C. Having established the optimum conditions for 
processive DNA replication, dose-response curves for (5)- 
PCV-TP (Fig. 8) and (/?,S)-PCV-TP were determined with 12 
u,M dGTP; this is about the level detected in acyclovir- 
treated HSV-infected human fibroblast cells (12). The IC 50 s 
were calculated to be 176 ± 8 and approximately 310 u,M, 
respectively. The ratio of IC 50 s for (5)- and (i?,S)-PCV-TPs 
(1:1.8) closely parallels the corresponding ratio of K t s for 
competitive inhibition with respect to dGTP (1:1.6), inferring 
that the inhibitory effectiveness of each enantiomer is prob- 
ably directly related to its ability to compete with dGTP. 

Under nonprocessive replication conditions, inhibition of 
chain elongation by (S)-PCV-TP was not detected, confirm- 
ing the observations of other workers (14) that drug activity 
is dependent upon polymerase processivity. 

Effect of short treatment time of cells on inhibition of HSV-2 
DNA synthesis. In a conventional dose-response test, in 
which penciclovir and acyclovir were present continuously 
in the cell culture medium, both compounds were almost 
equally active (IC 50 s, 0.05 and 0.04 jig/ml, respectively). To 
examine the effect of short treatment times, compounds 
were added at 5 h postinfection, by which time the viral 
thymidine kinase should have been produced; however, this 
was before the start of the viral DNA synthesis at 8 h after 
infection. The compounds were removed at various times 
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FIG. 9. Inhibition of HSV-2 DNA synthesis in MRC-5 cells 
following either 1.5 h (a) or 23 h (b) of treatment with penciclovir and 
acyclovir. MRC-5 cells were infected with HSV-2 MS at 0.3 PFU 
per cell. Penciclovir and acyclovir were present in the cell culture 
medium for 1.5 h from 5 h after infection (a) or for 23 h from 1 h after 
infection (b). At 24 h after infection, cell-associated HSV-2 DNA 
was measured by hybridization with the 32 P-labeled DNA probe 
pGR60. Each point represents the mean ± standard deviation of 
four replicate observations. Levels of HSV-2 DNA in cultures 
treated for 1.5 h were not significantly different from those in the 
untreated virus control cultures when penciclovir was present at 1 
jxM or acyclovir was present at either 1 or 3 u,M (P > 0.05). 



thereafter and replaced with drug-free medium. Levels of 
viral DNA were determined at 24 h postinfection by hybrid- 
ization with a DNA probe specific for HSV-2. For compar- 
ison, control cultures were treated continuously from 1 to 24 
h after infection. 

Whereas 1 h of treatment of HSV-2-infected cells with 
penciclovir resulted in a slight inhibition of viral DNA 
synthesis, treatment for 1.5 h demonstrated the more effec- 
tive inhibition of viral DNA synthesis by penciclovir than by 
acyclovir (Fig. 9). Significantly (P = 0.001) reduced levels of 
viral DNA were present in cells treated with 3 and 10 \lM 
penciclovir for 1.5 h compared with the levels in cells 
similarly treated with acyclovir. In contrast, following con- 
tinuous treatment from 1 h after infection, both compounds 
gave good inhibition of viral DNA synthesis. 



DISCUSSION 

Our initial studies (22) with HSV-l-infected cells indicated 
that penciclovir is phosphorylated to give high concentra- 
tions of the triphosphate ester in infected cells, but not in 
uninfected cells. This triphosphate of penciclovir was much 
more stable than that of acyclovir, the half-lives being 10 and 
0.7 h, respectively. We extended these studies to include 
HSV-2- and VZV-infected cells. As in the previous study 
(22), the experimental conditions were chosen to be as 
relevant as possible to the clinical situation. We used human 
fibroblast cells (MRC-5) and penciclovir concentrations (^10 
u,M) which are achieved in humans following either intrave- 
nous administration of penciclovir (5) or oral administration 
of famciclovir (24). 

In HSV-2-infected cells, the phosphorylation of penciclo- 
vir was comparable to that in HSV-l-infected cells, but there 
were some small differences. The proportions of the mono- 
and diphosphate esters, relative to the proportion of the 
triphosphate ester, were slightly lower in the cells infected 
with HSV-2 than in the corresponding cells infected with 
HSV-1 and were again low in the experiment that compared 
penciclovir and the phosphorylation of acyclovir in HSV-2 
infected cells. This may be due to a small difference in the 
activities of the thymidine kinases encoded by HSV-1 and 
HSV-2. However, the rates of formation of PCV-TP in 
HSV-2-infected cells treated with 1 or 10 \iM penciclovir 
(Fig. 2) were similar to those found in HSV-l-infected cells 
(22). 

Although we did not compare directly the phosphorylation 
of acyclovir in HSV-1- and HSV-2-infected cells within the 
same experiment, we did obtain much higher concentrations 
of ACV-TP with HSV-2 in this study than we did previously 
with HSV-1 (22). Despite an overall increased rate of phos- 
phorylation, the levels of acyclovir-monophosphate were 
markedly lower than those of ACV-TP except at the earliest 
time points, whereas in HSV-l-infected cells, the mono- and 
triphosphates were present at about equal concentrations. In 
contrast to penciclovir, which was phosphorylated at an 
almost linear rate throughout the incubation, ACV-TP was 
formed much more slowly after the first 2 h of the incubation 
(Fig. 2). After 4 h of incubation in HSV-2-infected cells, the 
concentration of PCV-TP was about 15-fold that of ACV-TP, 
but this ratio was not as high, about 100-fold, as that found 
previously (22) in HSV-l-infected cells. 

In uninfected cells, we were usually unable to detect the 
phosphates of penciclovir or acyclovir. However, in the 
control uninfected cells for experiments with HSV-2, low 
levels of the triphosphates were detected. With both penci- 
clovir and acyclovir, the amount of triphosphate ester was 
about 1 to 2 pmol/10 6 cells at 4 h and then remained at about 
this level for the rest of the 24 h of incubation. Tolman (21) 
has indicated that it is more desirable for an acyclonucleo- 
side to be poorly converted to a triphosphate which is an 
efficient inhibitor of viral replication (e.g., acyclovir) than to 
one which is efficiently converted to triphosphate. Efficient 
phosphorylation by virus-specified kinases means more 
phosphorylation (although orders of magnitude less) by host 
ceil kinases in an uninfected cell. Although this may seem to 
be a reasonable expectation, our work has shown that this 
prediction does not apply to penciclovir. Penciclovir is 
phosphorylated much more efficiently than acyclovir in 
herpesvirus-infected cells, but the host cell kinases phos- 
phorylate the two compounds to a small but comparable 
extent. This highly preferential metabolism of penciclovir in 
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herpesvirus-infected cells is a major factor in its selective 
antiviral activity. . 

When it was found that penciclovir was phosphorylated in 
HSV-l-infected cells to give much more triphosphate ester 
than that of acyclovir, even though both compounds had 
comparable antiviral activities in standard assays, we 
thought that PCV-TP might be a less powerful inhibitor of 
viral DNA polymerase than ACV-TP. We showed that this is 
the case. For HSV-1 DNA.polymerase, the K ( for PCV-TP is 
about 100-fold greater than that for ACV-TP. Therefore, 
although the rate of formation of PCV-TP, in molar terms, is 
very high, in terms of the amount needed to inhibit viral 
DNA polymerase and hence inhibit the virus, the rate is 
comparable to that of ACV-TP. Therefore, in standard 
plaque reduction antiviral assays in which the compounds 
are present in the medium throughout the test, the contrast- 
ing levels of triphosphate esters compensate for the different 
inhibitory activities of these triphosphate esters and so 
account for the comparable antiviral activities of penciclovir 
and acyclovir in such assays. With penciclovir, the phos- 
phorylation to the triphosphate ester and the K £ values were 
similar for HSV-1 and HSV-2, thus providing a rationale for 
the good activities of penciclovir against both of these 
viruses. However, we do not know why acyclovir had 
comparable activities against HSV-I and HSV-2 in view of 
the high levels of triphosphate ester in HSV-2-infected cells 
yet equal K t values for the two viral DNA polymerases. 

Hannah et al. (8) have tested penciclovir [referred to as 9- 
(4'-hydroxy-3'-hydroxymethyl)burylguanine] in their HSV-1 
staggered enzyme assay and found that penciclovir is phos- 
phorylated up to the triphosphate ester but that this triphos- 
phate does not inhibit HSV-1 DNA polymerase. They sug- 
gested that the good antiviral activity of penciclovir must be 
expressed by a mechanism different from those of ganciclo- 
vir and other members of the acyclovir class. However, we 
note that in their staggered enzyme assay at the DNA 
inhibition step, the concentrations of the triphosphates of 
acyclovir and penciclovir were comparable and lower than 
those of the acyclonucleosides at the first step of the assay. 
In contrast, after 4 h of incubation with HSV-l-infected 
cells, we showed that the intracellular concentration of 
PCV-TP is 30-fold that of penciclovir in the cell culture 
medium. This ratio may be an underestimate because it was 
based on the assumption that the triphosphate is evenly 
distributed through the cell, whereas it may be concentrated 
in the cell nucleus. Even at the average intracellular concen- 
tration, PCV-TP inhibits viral DNA polymerase and so the 
antiherpesvirus activity of penciclovir can be accounted for 
by this mechanism, although this does not preclude addi- 
tional modes of action. 

Because penciclovir has a prochiral center with two 
hydroxymethyl groups, there are two enantiomers of the 
triphosphate ester, the (5) enantiomer being formed in 
HSV-l-infected cells (11). It is the (5) isomer that is struc- 
turally analogous to the natural 5'-deoxyguanosine-triphos- 
phate. In the DNA extension assays, (S)-PCV-TP acted as a 
substrate for HSV-2 DNA polymerase. When penciclovir 
was added to the end of the DNA chain, the free hydroxy- 
methyl group allowed further chain extension, albeit only 
inefficiently. Thus, (S)-PCV-TP is not an immediate chain 
terminator. However, when attempting to incorporate 
[ 3 H]penciclovir-monophosphate with Klenow DNA poly- 
merase onto the end of the 17-mer primer, it appeared to be 
a very poor substrate (<1% relative to dGTP) compared with 
acyclovir (19). Therefore, although PCV-TP effectively in- 
hibits DNA synthesis, it does not act in the same way as the 



triphosphates of acyclovir and dideoxynucleosides, which 
are good substrates for DNA polymerases, but their incor- 
poration prevents any further DNA chain extension. 

In VZV-infected cells, the rate of formation of PCV-TP 
increased as the infection proceeded, but even late in the 
infection, this rate was nearly 10-fold less than those in cells 
infected with either HSV-1 or HSV-2. This may be due, at 
least in part, to the slow progression of VZV infection in cell 
culture. However, the concentration of PCV-TP was at least 
30-fold greater than that of ACV-TP, which remained below 
the limit of detection. The very low level of ACV-TP was to 
be expected from the work of Biron and Elion (1), who 
reported that 250 u,M acyclovir is converted to the triphos- 
phate ester (about 10 to 35 pmol/10 6 cells). Although the IC 50 
of PCV-TP was greater than that of ACV-TP, this was 
compensated for by the high levels of PCV-TP formed in 
VZV-infected cells. 

The confirmation that PCV-TP inhibits herpesvirus DNA 
polymerases gives support to our view (22) that the entrap- 
ment of PCV-TP at high concentrations within virus-infected 
cells and the stability of PCV-TP accounted for the good 
antiviral activity against HSV-1. We showed that in HSV-2- 
infected cells PCV-TP is much more stable than ACV-TP, 
the half-lives being 20 and 1 h, respectively. Furthermore, 
just as we have shown good activity with penciclovir after 
treating HSV-l-infected cells for a short time (22), we did a 
similar experiment with HSV-2-infected cultures. As before, 
we used concentrations of penciclovir which have been 
achieved in plasma following oral administration of famci- 
clovir (1,000 mg, 3.1 mmol) to healthy subjects (24). Plasma 
penciclovir concentrations that exceeded 10 u.M (2.5 u,g/ml) 
lasted for about 1.5 h. In contrast, after an oral dose of 
acyclovir (800 mg, 3.6 mmol), the maximum peak levels of 
acyclovir in blood were only about 7.5 u,M (13). This assay 
with short treatment times (1.5 h) therefore represents the 
clinical conditions following oral dosing more closely than 
does the standard antiviral assay in which the compounds 
are present continuously at set concentrations. Whereas 3 
u,M acyclovir was inactive after 1.5 h of incubation (Fig. 9), 
penciclovir was significantly (P = 0.001) active at those 
concentrations (3 and 10 uM) which have been achieved in 
humans. 

In VZV-infected cells, PCV-TP had good stability, the 
half-life being over 7 h (Fig. 5). We could not measure the 
stability of ACV-TP because the levels of the triphosphate 
were below the detection limit of our assay. These results 
indicate that penciclovir would become trapped, as its 
triphosphate ester, within VZV-infected cells. Hence, pen- 
ciclovir would be expected to give long-lasting inhibition of 
VZV DNA synthesis following limited treatment times; this 
inhibition would be similar to that demonstrated for HSV-1- 
and HSV-2-infected cells. Recently (2), we have shown that 
the activity of penciclovir in VZV-infected cell culture is 
more prolonged than that of acyclovir. . 

In summary, the mechanism of action of penciclovir 
involves highly selective transformation, only in herpesvi- 
rus-infected cells, into a triphosphate which inhibits viral 
DNA polymerase. This inhibition is competitive with the 
natural substrate dGTP. Although penciclovir is not an 
obligate DNA chain terminator because of the availability of 
a hydroxyl group corresponding to the 3'-hydroxyl of the 
2'-deoxyribose ring, herpesvirus DNA synthesis is effec- 
tively blocked by the high concentrations of PCV-TP found 
in herpesvirus-infected cells. PCV-TP is formed rapidly in 
HSV-1-, HSV-2-, and VZV-infected cells; accumulates in 
them; and has a long half-life. This accounts for the long- 
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lasting antiviral activity of penciclovir. In the corresponding 
clinical infections, PCV-TP would be expected to remain 
trapped within the infected cells even when the concentra- 
tion of penciclovir in the blood drops to low levels. Thus, it 
should be possible to treat each of these herpesvirus infec- 
tions with famciclovir, the oral form of penciclovir, at a 
lower dosage frequency than is required for acyclovir. 
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Summary 

This review describes the studies that have been 
carried out to date to investigate the mode of action 
of penciclovir. Penciclovir is phosphorylated much 
more efficiently than acyclovir in herpesvirus- 
infected cells yet the host cell kinases phosphorylate 
both compounds to a small but comparable extent. 
This highly preferential metabolism in herpesvirus- 
infected cells is a major factor in its selective antiviral 
activity. (S)-penciclovir-triphospate . is the major 
enantiomer produced and it has a much longer half- 
life than acyclovir-triphosphate in HSV-1, HSV-2, and 
varicella-zoster virus (VZV)-infected cells after drug 
removal. (S)-penciclovir-triphosphate was formed at 
sufficiently high concentrations to be an effective 
inhibitor of viral DNA polymerases. This work sug- 
gests that viral DNA polymerase is the key target and 
that virus replication is prevented by inhibition of 
viral DNA synthesis, though it does not preclude 
other modes of action. The long half-life of penci- 
clovir-triphosphate leads to an efficient and pro- 
longed entrapment of the active product in virus- 
infected cells. This can account for the markedly 
better antiviral activity of penciclovir than acyclovir 
when infected cell cultures were treated for a short 
time followed by further incubation during which 
time the antiviral effect of acyclovir was reversed 
quickly. It is proposed that such assays reflect more 
closely the dynamic changes in plasma concen- 
trations after oral dosing than do standard assays in 
which the test compounds are kept at a constant 
concentration. The clinical implications of these 
findings concerning mode of action are discussed. 

Introduction 

One of the most important aspects of the antiherpesvirus 
activity of acyclovir (ACV) is not only its potency but its 
highly unusual degree of selectivity (for review Elion, 
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1989). Acyclovir enters both uninfected and virally 
infected cells but it is phosphorylated to an appreciable 
extent only in herpesvirus-infected cells. The enzyme 
which converts acyclovir to its monophosphate is the 
virally encoded thymidine kinase, notwithstanding the fact 
that acyclovir is a guanine derivative. Once the first phos- 
phate has been added, the second phosphate is added 
by cellular guanylate kinase, while several cellular 
kinases are capable of adding the third phosphate. Only 
low concentrations of acyclovir phosphates are formed in 
uninfected ceils, as the cellular thymidine kinase cannot 
use acyclovir as a substrate, but the small amount of 
phosphorylation that does occur is due to S'-nucleotidase. 
Acyclovir-triphosphate is the product which inhibits viral 
replication by acting as a substrate for the viral DNA poly- 
merase, being incorporated onto the end of the DNA 
chain, so terminating DNA synthesis (Elion, 1989). 

The presence of herpesvirus encoded thymidine 
kinase, only in infected cells, allowed a rational approach 
(Cheng, 1977) to the search for other antiherpesvirus 
agents which exert their targeted effects only within virus- 
infected cells. Some of these are thymidine analogues, 
for -example BV-araU (sorivudine) which is phosphory- 
lated to its diphosphate ester by the thymidine kinases of 
herpes simplex virus type 1 (HSV-1) and varicella-zoster 
virus (VZV) but only to the monophosphate by HSV-2 
thymidine kinase (Yokota et aL, 1989). In all cases cellu- 
lar enzymes phosphorylate the diphosphate to the tri- 
phosphate ester. The need for the viral thymidine kinase 
to phosphorylate BV-araU to the diphosphate accounts 
for its good antiviral selectivity but it has a narrow spec- 
trum of activity, being inactive against HSV-2. Ganciclovir 
is an example of a guanine derivative which is phosphory- 
lated by the thymidine kinases of HSV-1 and 2 and VZV 
and so has activity against these viruses. In addition, gan- 
ciclovir is phosphorylated in cells infected by human 
cytomegalovirus (CMV), the formation of the monophos- 
phate being controlled by the enzyme encoded by the 
UL97 gene of CMV (Sullivan et at., 1992). Ganciclovir 
appears to be a better substrate than acyclovir for both 
the virus-encoded and the host-encoded kinase enzymes 
involved in nucleoside phosphorylation. This has' been 
attributed to the structural similarity of ganciclovir, which 
possesses equivalents of both 3' and 5' hydroxy I groups, 
to endogenous nucleosides (Faulde and Heel, 1990). 
Thus, ganciclovir has a broader spectrum of activity than 
acyclovir but has considerable side-effects in clinical use 
(Faulds and Heel, 1990). 
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Penciclovir (PCV) may be considered to be structurally 
related to ganciclovir, but the lack of an ether oxygen in 
the side-chain of penciclovir appears to have a profound 
effect on its biological properties. For example, Hannah et 
a/. (1989) reported their work on the mode of action of 
ganciclovir and penciclovir and they concluded that these 
two compounds express their biological properties along 
mechanistically independent pathways. Penciclovir is like 
acyclovir in having limited activity against CMV (Boyd et 
a/., 1987), whereas ganciclovir is a highly potent inhibitor 
of CMV (Cheng et ai, 1 983). The phosphorylation of pen- 
ciclovir, as for acyclovir, is highly dependent on the her- 
pesvirus thymidine kinases (Boyd et al. t 1987; Vere 
Hodge and Perkins, 1 989) whereas the limited activity of 
penciclovir against CMV suggests that penciclovir is 
phosphorylated much less efficiently than ganciclovir by 
the CMV enzyme encoded by the UL97 gene. Evaluation 
of famciclovir and penciclovir, in both toxicological tests 
and clinical trials, has shown that these compounds have 
a good safety profile, similar to that of acyclovir (Vere 
Hodge, 1993). 

This review describes studies investigating the mode of 
action of penciclovir, the highly selective phosphorylation 
in herpesvirus-infected cells, the determination of the chi- 
rality of its phosphate esters, the stability of penciclovir- 
triphosphate in HSV-1, HSV-2 and VZV-infected cells, 
and the inhibition of DNA synthesis by penciclovir-triphos- 
phate. These mode of action studies provide a rationale 
for the highly selective activity and suggest the potential 
for long-lasting antiviral effects of penciclovir. 

Phosphorylation of penciclovir in MRC-5 cells 

Penciclovir in uninfected ceils 

In experiments to measure the phosphorylation of com- 
pounds in HSV-infected cells, the phosphorylation was 
also examined in control, uninfected cells. Usually, the 
phosphates of penciclovir or acyclovir were not detected 
in uninfected cells. However, in an experiment comparing 
the two compounds (at 10u.m) in HSV-2-infected cells 
(see below), low levels of the triphosphates were 
detected in the control, uninfected cells. With both penci- 
clovir and acyclovir, the amount of triphosphate ester was 
about 1-2 pmol/10 6 cells (about 0.25-0.5 u.m) after 4h 
incubation with compound, remaining at about this level 
for 24 h (Fig. 1) (Vere Hodge, 1993). There was so little 
radioactivity remaining associated with the cellular frac- 
tion that no attempt was made to isolate cellular DNA. 
Furthermore, the lack of effect of cellular DNA synthesis 
was demonstrated clearly with an Alu DNA probe (Table 
1), analogous to the method used for quantification of 
HSV DNA (Vere Hodge and Perkins, 1989). In uninfected 
cells, penciclovir did not affect cellular DNA synthesis at 




0 5 10 15 20 25 

Time (hours) 



Fig. 1. Formation of the triphosphates of penciclovir (PCV-TP) and 
acyclovir (ACV-TP) in MRC-5 cells mock-infected with phosphate 
buffered saline instead of virus. The volume of 1 0 6 cells was 4 uJ and so. 
assuming that penciclovir-triphosphate was evenly distributed through 
the cell, 4 pmol/10 6 cells is equivalent to 1 uaa. {Reproduced from Vere 
Hodge. 1993.) 

concentrations up to 100u.g mP 1 (400 ^iM) which is at least 
2000 times higher than that required to inhibit HSV DNA 
synthesis (Vere Hodge and Perkins, 1989). Similarly, 
there was no effect in the thymidine incorporation tests 
(Table 1). These results correlate with the lack of effect of 
penciclovir on MRC-5 cell growth (Boyd et a/., 1987) and 
on a range of other human cell lines (Boyd era/., 1993). 

Phosphorylation in herpesvirus-infected cells 

For these experiments, conditions were chosen to be as 
relevant as possible to the clinical situation (Vere Hodge 
and Perkins, 1989). Human cells were used and the drug 
concentrations (<10^m) are achievable in humans. The 



Table 1 . Lack of effect of penciclovir and acyclovir on MRC-5 DNA 
synthesis (Adapted from Vere Hodge and Perkins, 1989) 







Radioactivity (kcpm) ± SD 




Compound 
concentration 
(pg mr") 


32 P-DNA probe' 


f 3 H]thymidine incorporation 6 


Penciclovir 


Acyclovir 


Penciclovir 


Acyclovir 


100 
30 
10 
1 

0 


1.110.35 1.510.25 

1.7 ±0.39 1.710.48 

1.8 10.91 1.810.86 
1 .5 ± 0.33 1 .5 ± 0.67 

1.2 ±0.50 


17.010.56 18.9 ±0.42 
19.412.18 20.910.61 
19.413.10 21.3±0.61 
20.5 ±1.45 21.412.58 
19.710.30 



a MRC-5 cells were grown for 4 days in the presence of each concentration 
of drug and then transferred to nitrocellulose filters by using Hybridot 
manifold. Levels of MRC-5 DNA were determined by hybridization with a 
32 P-labelled DNA probe specific for the Alu repeat sequence. Values 
represent the means of triplicate determinations. 

b MRC-5 cells were grown for 4 days in the presence of various 
concentrations of drug in microdilution plate wells. DNA synthesis was 
determined by pulse-labelling cultures with 0.5 u,Ci of [ 3 H)thymkline per 
well for 5 h at 37°C. Cells were harvested on glass fibre filters, and 
incorporation of label into cellular DNA was determined by scintillation 
counting. All values are the means of triplicate determinations. 
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cell culture was infected with a small virus inoculum (0.01 
p.f.u. ceir 1 ) so that, as in a natural infection, the cells 
would become infected over a period of time with virus 
replication at different stages when the drug was added. 
When comparing the rates of phosphorylation of penci- 
dovir and acyclovir, the compounds were added 20 h 
after infection of the culture, when adequate levels of viral 
thymidine kinase should have been present in many of 
the cells. If the acyclonucleosides had been added within 
1 h of infection, even with a high virus inoculum (> 1 p.f.u. 
ceir 1 ), following the protocol of others (Elion etai, 1977; 
Stenberg etai, 1986), then the initial rate of phosphoryla- 
tion of the compounds might have been limited by the lack 
of viral thymidine kinase (Ben-Porat and Kaplan, 1973). 
Clearly, to obtain the maximum rate of phosphorylation, 
the compounds should be added about 4 h after infection 
of the cell culture with enough virus to ensure a high 
percentage of infected cells. During incubation under the 
former conditions, the levels of acyclovir-triphosphate in 
HSV-1 -infected cells remained low (see below) and were 
not as high as those obtained by others (Elion etai., 1977; 
Stenberg et at, 1986). However, the latter conditions 
were used to investigate the stability of the triphosphates, 
because it was necessary to start with a relatively high 
level of acyclovir-triphosphate. 

Pencidovir was taken up rapidly by uninfected and her- 
pesvirus-infected MRC-5 cells. In this respect, pencidovir 
was similar to other natural nucleosides and the antiviral 
acyclonucleosides. acyclovir (Furman et al., 1980) and 
buciclovir (BCV) (Stenberg et a/., 1986). The rate of 
uptake into the cells did not appear to limit the rate of 
phosphorylation since, after incubation of pencidovir with 
HSV-1 -infected cells for only 1 min, the level of penci- 
dovir in the cell extract was much higher than those of its 
phosphate esters. 

In comparison with acyclovir, pencidovir was phospho- 
rylated far more quickly within herpesvirus-infeded cells 
in which the viral thymidine kinases were presumably pre- 
sent (Figs 2 and 3) (Vere Hodge and Perkins, 1 989; Eam- 
shaw era/., 1992). This is consistent with the high affinity 
of pencidovir for the HSV-1 thymidine kinase (K; 1.5u.m; 
Larsson et al., 1986) compared with the low affinity of 
acyclovir (K( 173u.m; Datema etai, 1987). In HSV-1- and 
HSV-2-infected cells, pencidovir was phosphorylated 
continuously throughout the incubation period, the rates 
of formation of the triphosphate ester being shown in 
Table 2 (Vere Hodge and Perkins, 1989; Earnshaw etai, 
1992). The high affinity of pencidovir for viral thymidine 
kinase and the stability of its triphosphate ester may 
explain why penciclovir-triphosphate formation is rela- 
tively linear with time. In contrast, acyclovir-triphosphate 
concentration reached a plateau within 1 h, followed 
sometimes by a redudion even in the continued pres- 
ence of acyclovir. This may be due to increasing competi- 



a. 10 iiM Pencidovir 
1500-, 




Time (hours) 



b. 1 jiM Pencidovir 



150 




Time (hours) 



c. 1 0 u.M Acyclovir 
15-i 

a ACV-TP 




0 1 2 3 4 

Time (hours) 



Fig. 2. Formation of acyclonucleotides in HSV-1 -infected MRC-5 cells. 
[4'- 3 H]penciclovir or (2'- 3 H]acyclovir was added 20 h after infection (0.01 
p.f.u. ceir 1 ). At the indicated times, cells were extracted and the samples 
were assayed by HPLC (Vere Hodge and Perkins, 1989). For pencidovir 
in panels a and b, the lines were fitted by linear regression to the values 
up to 4 h. TP, triphosphate; DP, diphosphate; MP. monophosphate. 
(Adapted from Vere Hodge and Perkins, 1989.) 
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a. 1 0 uM Penciclovir b. 1 u.M Penciclovir 




Time (hours) Time (hours) 



c. 10 nM Acyclovir d. 1 u.M Acyclovir 




Time (hours) Time (hours) 



Fig. 3. Formation of acydonucleotides in HSV-2-infected MRC-5 cells. See legend to Fig. 2 for methods and definitions. (Adapted from Eamshaw era/.. 
1992.) 



tton between acyclovir and both thymidine and its triphos- 
phate for the viral thymidine kinase and the instability of 
acyclovir-triphosphate (Vere Hodge and Perkins, 1989). 

These results show that, at least within the concentra- 
tion range 1-IOuJvi, the rate of formation of penciclovir- 
triphosphate is proportional to the concentration of penci- 
clovir outside the cell and to the incubation time. 
Therefore, penciclovir at a higher concentration for a 
short time should result in the same level of penciclovir- 
triphosphate as a lower penciclovir concentration main- 
tained for a correspondingly longer time. However, penci- 
clovir-triphosphate can reach a sufficient concentration 
for activity only when penciclovir concentrations are 
above the ECso value. If a single infected cell is consid- 
ered, herpesvirus encoded thymidine kinase is produced 
from about 2 h after infection and the period of viral DNA 
synthesis starts from about 8 h. This gives about 6 h for 
penciclovir to be phosphorylated to produce sufficient 
triphosphate to inhibit viral DNA synthesis. It seems rea- 
sonable to suppose that, if plasma concentrations of pen- 
ciclovir are maintained at the ECgQ value, the amount of 



penciclovir-triphosphate formed is enough only partially to 
inhibit viral DNA synthesis. However, when the plasma 
concentrations of penciclovir exceed the EC^ value by a 
large margin, then the area under the plasma concentra- 
tion-time curve (AUC), which is the product of penciclovir 
concentration and time, should be related to intracellu- 



Table 2. Summary of phosphorylation rates (Adapted from Vere Hodge, 
1993) 



Rate of formation of triphosphate ester during incubation 
in virus-infected cells (pmol (min g cells)" 1 



Penciclovir Acyclovir 



Virus 


10 \1M 


1 JIM 


10 JiM 


1 }1M 


HSV-1 a 


1360 


133 . 


ca.40/0 c 


o d 


HSV-2 b 


1200 


140 


150/16 


15/5 


VZV* 


146 




0 





"From Vere Hodge & Perkins, 1989. 
b From Eamshaw etaf., 1992. 
initial rate/subsequent rate. 
^Triphosphate not detected. 
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1 S 



250 



200 



150- 



100 



50 



Time 


PCV-MP PCV-DP PCV-TP 


(h) a 




(pmol/10 6 cells) 


0.0 


12 


1 0 


1.5 


19 


26 47 


3.0 


11 


21 104 


4.5 


21 


71 130 


6.0 


25 


111 222 



a. Time 0 » Time at which 10 iiM penciclovir 
was added to cells at 80% cpe. 




1 .5 3.0 4.5 

Time after. addition of compound (hours) 



PCV-TP 
►<PCV added at 
80% cpe) 



PCV-TP 
(PCV added at 
1 0% cpe) 

ACV-TP 
(ACV added 
at 10% or 
80% cpe) 



Fig. 4. Pencictovir-tnphosphate formation in VZV- 
infected MRC-5 cells. 10 \im (4'- 3 H]penciclovir or 
[2'- 3 H]acyclovir was added to VZV-infected 
cultures showing either minimal {10%) or 
extensive (80%) viral cytopathic effect. At the 
indicated times, cells were extracled and the 
samples were assayed by high-performance 
liquid chromatography (HPLC). See the legend to 
Fig. 2 for definitions of TP. DP, and MP. 
(Reproduced with permission from Earnshaw ef 
a/., 1992, Antimicrob Agents Chemother36, 
2747-2757.) 



lar penciclovir-triphosphate concentrations and, hence, to 
antiviral activity. Therefore AUC, not just the maximum 
plasma concentration (C max ), may be an important para- 
meter relating to antiviral activity. 

In VZV-infected cell cultures, the rate of formation of 
penciclovir-triphosphate increased as the infection pro- 
ceeded, but late in the infection this rate was nearly 1 0- 
fold less than that in cells infected with either HSV-1 or 
HSV-2 (Fig. 4, Table 2) (Earnshaw et at., 1992). This may 
be due, at least in part, to the slow progression of VZV 
infection in cell culture. However, the concentration of 
penciclovir-triphosphate was at least 30-fold more than 
acyclovir-triphosphate which remained below the limit of 
detection (Earnshaw et a/., 1 992). 

When it was found that penciclovir was phosphoryiated 
in HSV-1 -infected cells to give much more triphosphate 
ester than that of acyclovir, yet both compounds had com- 
parable antiviral activities in standard assays, it was con- 
sidered that the triphosphate of penciclovir might be a 
less powerful inhibitor of viral DNA polymerase than acy- 
clovir-triphosphate. This has been confirmed (see below). 
For HSV-1 DNA polymerase, the K t for penciclovir- 
triphosphate is about 1 00-fold greater than for acyclovir- 
triphosphate. Therefore, although the rate of formation of 
penciclovir-triphosphate, in molar terms, is very high, in 
terms of the amount needed to inhibit viral DNA poly- 
merase and hence inhibit the virus, the rate is comparable 
to that of acyclovir-triphosphate. Therefore, in standard 
plaque reduction antiviral assays in which the compounds 
are present in the medium throughout the test, the con- 
trasting levels of triphosphate esters compensate for the 
differing inhibitory activities of these triphosphate esters 
and so account for the comparable antiviral activities of 
penciclovir and acyclovir in such assays. With penciclovir. 



the extent of phosphorylation to the triphosphate ester 
and the K f values are similar for HSV-1 and HSV-2, thus 
providing a rationale for the good activities of penciclovir 
against both these viruses. A similar rationale has been 
demonstrated recently for VZV-infected cells (M. R, Boyd 
and J. Gilbart, SB, Great Burgh, Epsom, UK, personal 
communication). 



(1) . = «c, * = 12 C 
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(S)-Penddovir-triphosphate 
[<S)-PCV-TP] 

Fig. 5. Structures of chirat compounds. (Reproduced from Vere Hodge 
1993.) 
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Fig. 6. 13 C NMR spectra of the triphosphate esters of penciclovir in D a O 
recorded at 100.6 MHz on a Bruker AM 400 spectrometer. The spectra 
were referenced to external dioxan. The singlet at 5 ca. 62 p.p.m. is the 
CH 2 OH resonance and the doublet at 5 ca. 66.5 p.p.m. is the CH 2 OP 
resonance, (a) Synthetic triphosphate (1); (b) biosynthetic triphosphate 
formed from (la); (c) biosynthetic triphosphate formed from a 15 : 85 
mixture of (1a) and (1b). (Reproduced with permission from Jarvest et at., 
1990, J Chem Soc Chem Commun 555-556.) 



Specificity of formation of chiral penciclovir-phosphate 
esters 

The phosphorylation of one of the hydroxymethyl groups 
of penciclovir creates a chiral centre leading to the possi- 
ble formation of (R) and (S) enantiomers of penciclovir- 
triphosphate in he rpesvirus- infected cells (Fig. 5). To 
determine the stereospecificity and absolute configura- 
tion of penciclovir-phosphates, penciclovir was synthe- 
sized in isotopically chiral form by incorporating 13 C into 
one of the hydroxymethyl groups, namely compounds 
(1a) and (1b) (Jarvest etaf., 1990; Sime era/., 1992). The 
intention was to isolate the chiral metabolites from the 
appropriate biological system and use 13 C NMR to deter- 
mine whether a phosphate was adjacent to the 13 C in 
penciclovir (Vere Hodge era/., 1990). 

MRC-5 cells which had been infected with HSV-1 strain 
SC16 were cultured in a medium containing (1a) or (1b) 
for 24 h. The intracellular phosphates were extracted with 
buffered 50% aqueous ethanol and purified by HPLC 
(Vere Hodge and Perkins, 1989), collecting the fraction of 
similar retention time to synthetic (racemic) penciclovir- 
triphosphate. The 13 C NMR spectra of the triphosphates 
are shown in Fig. 6. The triphosphate derived from (1a) 



has the 13 C in the CH 2 OH moiety whereas the triphos- 
phate derived from (1b) has the 13 C in the CH 2 OP moiety, 
the signal being a doublet due to the spin-spin coupling of 
13 C with the phosphorus atom. The absolute configura- 
tion of unlabelled penciclovir-triphosphate produced in 
HSV-1 -infected cells is thus (S) as shown in Fig 5. From 
the spectrum of the triphosphate derived from (1a) (Fig. 
6b), it is estimated that the enantiomeric purity of the 
intracellular triphosphate was >95% (Jarvest et at., 
1990). 

Likewise, the specificity of phosphorylation in HSV-2- 
infected cells was determined. In contrast to HSV-1 - 
infected cells in which none of the (R) enantiomer was 
detected, there was about 10% of (/^-penciclovir-triphos- 
phate (Vere Hodge et al. t 1990). Phosphorylation of pen- 
ciclovir by HSV-1 encoded thymidine kinase gave 75% of 
the (S)-penciclovir-monophosphate and 25% of the (R) 
enantiomer (Vere Hodge et aL, 1990). 



Stability of penciclovir-triphosphate in herpesvirus- 
infected cells 

The intracellular stabilities of the triphosphates of penci- 
clovir and acyclovir have been reported for cells infected 
with HSV-1 (Vere Hodge and Perkins, 1989), HSV-2 and 
VZV (Earnshaw et at., 1992). After incubation of virus- 
infected cells with 10 (iM [4'- 3 H]penciclovir or [2- 3 H]acy- 
clovir for a suitable period, the cells were washed thor- 
oughly then incubated in a large volume of medium so 
that the concentration of acyclonucleoside would be mini- 
mized as it diffused out of the cells. Under these condi- 
tions, the half-lives of the triphosphates of penciclovir and 
acyclovir were about 10 and 0.7 h in HSV-1 -infected cells 
and 20 and 1 h in HSV-2-infected cells respectively (Figs 
7 and 8 ( Table 3). 

As the amounts of acyclonucleotides within the cells 
decreased, the resulting acyclonucleoside diffused out of 
the cells into the culture medium. In the cell cultures 
treated with penciclovir, the concentration of penciclovir in 
the medium increased almost linearly throughout the 8h 
incubation period (Figs 7c and 8c). in contrast, acyclovir 
concentrations initially increased rapidly but reached the 
maximum level after 2 h (Figs 7c and 8d), by which time 
virtually all the acyclovir-phosphates had been converted 
to acyclovir. 

To ensure that sufficient concentrations of penciclovir- 
triphosphate were formed for subsequent stability ana- 
lysis, VZV-infected cell monolayers were incubated for 
4 days, by which time extensive cytopathic effect had 
developed, before incubating overnight with 10u.m penci- 
clovir. After removal of extracellular penciclovir and 
replenishment with an excess of fresh medium, intracellu- 
lar phosphates were extracted at selected time points 
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b. ACV-phosphates 
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(half life, 0.7 hour) 



100 




2 4 6 8 
Time (hours) 

c. Diffusion of penciclovir and acyclovir into 
cell culture medium 
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Fig. 7. Stability of intracellular acyclonucleotides in HSV-1 -infected MRC- 
5 celts and diffusion of the acyclonucleosides into the cell culture 
medium. The method was as described in the text. The half -lives of the 
triphosphate esters, in panels a and b. were calculated from the lines 
fitted by linear regression. The extracellular concentrations of the 
acyclonucleosides, panel c, were calculated from the measurement of 
radio-activity in a sample (50 ul) taken at each of the indicated times. In 
those samples also assayed by HPLC, radioactivity was present only in 
the peak corresponding to the acyclonudeoside. See the legend to Fig. 2 
tor definitions of TP, DP, and MP. (Adapted from Vere Hodge and 
Perkins, 1989.) 



during the following 24 h. The intracellular penciclovir- 
triphosphate stability profile is depicted in Fig. 9 and, from 
the line fitted by linear regression, a half-life of 7.2 h was 
derived (Table 3). However, approximately 30% of the ini- 
tial intracellular penciclovir-triphosphate concentration 
was still present 24 h after drug removal. The half-life for 
acyclovir-triphosphate could not be determined as the 
triphosphate concentration was below the detection limit 
(1 pmol/10 6 cells). 

Inhibition of DNA synthesis 

Determination of biochemical inhibition constants 

As >95% of penciclovir-triphosphate in HSV-1 -infected 
MRC-5 cells was the (S) enantiomer (Jarvest et al., 
1990), (S)-penciclovir-triphosphate was biosynthesized 
via this route to provide material for this work. The data 
from representative kinetic experiments were presented 
as Lineweaver Burk plots (Eamshaw era/., 1992) and the 
derived Kj values are shown in Table 3. The results 
demonstrate that (S)-penciclovir-triphosphate is a com- 
petitive inhibitor of HSV-1 and HSV-2 DNA polymerases 
with respect to the natural substrate dGTP (Kj 8.5 \im and 
5.8 u,m respectively). The corresponding values for (ff,S)- 
penciclovir-triphosphate (16 and 9.5 u.m) indicate that the 
(R)-enantiomer had little inhibitory activity against the 
HSV DNA polymerases. (/?,S)-penciclovir-triphosphate 
inhibited VZV DNA polymerase, the IC50 being 75u.m, 
which may infer that the value for the (S)-enantiomer 
would be 37.5 u.M. In comparison, the value for acyclovir- 
triphosphate was 0.88 (iM. 

(S)-penciclovir-triphosphate was far less inhibitory to 
human MRC-5 DNA polymerase a (K s 175^m) than with 
HSV DNA polymerases (KjS 8.5 and 5,8 hm) or than acy- 
clovir-triphosphate was to DNA polymerase a (Kj 3.8 m-M). 
It was surprising to find that the (R,S) racemate of penci- 
clovir-triphosphate was a stronger competitive inhibitor of 
DNA polymerase a than the (S) enantiomer, (Ki 45 u,M and 
1 75 u.M, respectively), particularly since the latter was the 
enantiomer mainly responsible for competitive inhibition 
of HSV DNA polymerases. This result implies that the Ki 
value for the (/^-penciclovir-triphosphate for the cellular 
DNA polymerase a was about 25 j±m. 

DNA chain extension assays 

Having shown that penciclovir-triphosphate could inhibit 
HSV DNA polymerase activity through competition with 
dGTP, the way in which penciclovir-triphosphate inhibited 
DNA synthesis was examined. Experiments based on 
dideoxy DNA sequencing methodology were employed to 
determine whether penciclovir-triphosphate acted as a 
DNA chain terminator as has been shown previously for 
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a. PCV-phosphates b. ACV-phosphates 

PCV-triphosphate ACV-triphosphate 




Time (hours) Time (hours) 



c. Diffusion of penciclovir into cell culture medium d. Diffusion of acyclovir into cell culture medium 




Time (hours) Time (hours) 



Fig. 8. Stability of intracellular acyclonucJeotides in HSV-2 infected MRC-5 cells and diffusion of the acyclonucleosides into the cell culture medium. See 
the legend to Fig. 7 for methods and definitions. (Adapted from Eamshaw et at., 1992.) 



Tnble 3. Kinetic constants (Reproduced with 
permission from Eamshaw eta/., 1992, 
Antimicrob Agents Chemother 36, 2747-2757.) 



Compound concentration (jim)* 



DNA 

polymerase 



K m for dGTP 



(S>penciclovir- 
triphosphate 



(/?,S)-penciclovir- 
triphosphate 



Acyclovir- 
triphosphate 



HSV-1 
HSV-2 
MRC-5 b 



0.57 + 0.2 
0.36 ±0.1 
0.97 + 0.05 



8.5 ± 0.5 
5.8 ± 0.8 
175 + 25 



16,0 t ±2.0 
9.5 ± 0.5 
45±5 



0.07 ±0.0 
0.07 ±0.02 
3.8 ± 0.7 



"Values are the mean ± range of two determinations. 
b DNA polymerase a. 



Mode of antiviral action of penciclovir 2 1 



1000 



c & 100 



c © 

CD zz 

8 i 



Penciclovir-triphosphate 
(half life, 7.2 hours) 



PCV-TP 



-+ PCV-DP 



PCV-MP 




Fig. 9. Stability of penciclovir-triphosphate in VZV-rnfected MRC-5 cells. 
10 jam [4*- 3 H]pencictovir was added to VZV-infected cultures showing 
extensive viral cytopathic effect and the cell cultures were incubated 
overnight, men the cell cultures were washed and. at the indicated 
times, cells were extracted and the samples assayed as described in the 
text. The half-life of the triphosphate ester was calculated from the line 
fitted by linear regression. (Reproduced with permission from Eamshaw 
era/.. 1992 Antlmicrob Agents Chemother36, 2747-2757.) 



acyclovir-triphosphate (Reardon and Spector, 1989). In 
these experiments, each step up the 'ladder* (Fig. 1 0) rep- 
resents an extension of the primer by one additional 
nucleotide. 

In the presence of saturating concentrations of all four 
normal dNTPs, both MRC-5 and HSV-2 DNA poly- 
merases extended a primer hybridized to M13 DNA tem- 
plate, the herpesvirus polymerase being more processive 
than DNA polymerase a (Fig. 10, lanes 1 and 6). In the 
absence of dGTP (lanes 5 and 10), a small amount of 
misincorporation of the other three natural dNTPs was 
observed, HSV-2 DNA polymerase displaying reduced 
fidelity of replication compared with DNA polymerase a. 
DNA polymerase assays in the presence of acyclovir- 
triphosphate (lanes 4 and 9) indicated that acyclovir- 
triphosphate was readily incorporated into DNA at the first 
position where dGTP would be inserted normally, result- 
ing in chain termination (lanes 4 and 9). (S)-penciclovir- 
triphosphate did allow limited DNA chain extension past 
several presumed penciclovir-monophosphate residues 
(lanes 2 and 7). Apparently in contrast, (/^-penciclovir- 
triphosphate, the enantiomer with greater affinity to MRC- 
5 polymerases a, was incorporated less efficiently than 
acyclovir-triphosphate but then acted as a DNA chain ter- 
minator (lane 3). 

This experiment confirmed a difference between acy- 
clovir-triphosphate, which is an obligate DNA chain termi- 
nator due to the lack of a hydroxyl group corresponding to 
the 3'-hydroxyl of the 2'-deoxyribose ring, and (S)-penci- 



clovir-triphosphate. However, the conditions used in this 
experiment were chosen to investigate whether penci- 
clovir-triphosphate acted as a DNA chain terminator, but 
these conditions do not reflect those inside virus-infected 
cells. Using concentrations of triphosphates expected in 
virus-infected cells [12, 18, and 300 jim for dGTP (Karls- 
son et ai, 1986), acyclovir-triphosphate and penciclovir- 
triphosphate, respectively], there was less DNA chain 
extension with penciclovir-triphosphate than with acy- 
clovir-triphosphate (Earnshaw and Vere Hodge. 1992). 
This correlates with the better inhibition by penciclovir 
than acyclovir of viral DNA synthesis in cell culture, espe- 
cially after short treatment times (see below). 

The effects of (S)-penciclovir-triphosphate on the incor- 
poration of the other nucleotides were studied using a 
short defined 17:26mer primer-template: 

3* ACACTTTAACAATAGGCGAGTGTTAA 5' 
5' TGTGAAATTGTTATCCG 3' 




Fig. 10. Inhibition of DNA chain extension. Assays were based on 
dideoxy DNA sequencing methodology, with concentrations of dGTP or 
inhibitor as indicated (all assays contained 50 um dATP. dCTP, and 
dTTP). (Reproduced with permission from Eamshaw eta/., 1992, 
Antimicrob Agents Chemother 36, 2747-2757.) 
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This primer-template could be extended by up to nine 
bases, three each of dATP, dCTP, and dTTP. As there 
was no position at which dGTP would normally be 
inserted, the effect of (S)-penciclovir-triphosphate on the 
incorporation of these other three dNTPs could be studied 
without hindrance from the competitive inhibition and any 
possible inactivation processes that would occur using 
the M13 DNA template. 

As expected, there was no effect on the incorporation 
of dATP or dCTP by (S)-penciclovir-triphosphate f but 
there was a competitivertype inhibition towards dTTP 
incorporation (Earnshaw and Vere Hodge, 1992). 
Although this inhibition was completely reversed in the 
presence of 50 u.m dGTP, and therefore probably does not 
play a major part in the inhibition of viral DNA synthesis, it 
is an unexpected inhibitory mechanism. 

In an attempt to add [4"- 3 H](S)-penciclovir-triphosphate 
to the primer using Klenow DNA polymerase, the incorpo- 
ration was < 1 % of that with [ 3 H]dGTP. In comparison, the 
incorporation of [ 3 H]acyclovir-triphosphate was reported 
to be 17% (Reardon and Spector, 1989). Therefore, it 
seems that (S)-penciclovir-triphosphate is a poor sub- 
strate for incorporation into DNA compared to acyclovir- 
triphosphate. 
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Fig. 11. Comparative stabilities of the triphosphates of penciclovir and 
acyclovir within HSW-1 . HSV-2. and VZV-infected cell cultures. Acyclovir- 
triphosphate/VZV was tested but levels were below the limit of detection, 
even at the earliest time points. Limit of detection: 1 pmol/1 0 6 cells. 
(Adapted from Boyd. 1993.) 



Inhibition by (S)-penciclovir-triphosphate under 
processive conditions 

Having established suitable conditions for processive 
DNA replication, dose-response curves for (S)-penci- 
clovir-triphosphate and (/?,S)-penciclovir-triphosphate 
were determined with 12uMdGTP, this being the level 
detected in acyclovir-treated HSV-infected human fibro- 
blast cells (Karlsson era/., 1986). The ICso values were 
176 ± 8u.m and approximately 310|im respectively. 



Discussion 

When evaluating potential antiviral compounds and mak- 
ing a selection for further development, it is necessary to 
investigate a broad package of parameters; it is not suffi- 
cient just to examine their activity. Historically, most com- 
pounds reported to have antiviral activity have been toxic 
with little selectivity for the viral infection. However, acy- 
clovir is a highly selective agent against herpesviruses 
due largely to its preferential phosphorylation by the viral 
thymidine kinase in infected cells. The studies reviewed 
here on the mode of action of penciclovir have shown that 
the preferential phosphorylation in herpesvirus-infected 
cells seems even more marked for penciclovir than acy- 
clovir. The minimal phosphorylation of penciclovir in unin- 
fected cells together with the low activity of penciclovir-tri- 



phosphate against cellular DNA polymerases provides 
a rationale for the lack of toxicity of penciclovir in cell 
culture. Indeed, evaluation of famciclovir and penciclovir, 
in both toxicological tests and clinical trials, has shown 
that these compounds have a good safety profile, similar 
to that of acyclovir (J. A. Osborne and R. J. Boon, SB, 
Great Burgh, Epsom, UK, personal communication). 

However, in herpesvirus-infected cells penciclovir is 
phosphorylated rapidly to form high concentrations of the 
triphosphate ester which remains entrapped within the 
virus-infected cell. The stabilities of the triphosphates of 
penciclovir and acyclovir are compared in Fig. 11. The 
stability of penciclovir-triphosphate provides an explana- 
tion for the markedly better activity of penciclovir than 
acyclovir when infected cell cultures are treated for a 
short time; the triphosphates of both penciclovir and acy- 
clovir are formed during the treatment period but only 
penciclovir-triphosphate remains to prevent virus replica- 
tion. 

When famciclovir, the oral form of penciclovir, is admin- 
istered orally to humans, the plasma concentrations of 
penciclovir rise and fall. With these dynamic conditions, 
the stability of penciclovir-triphosphate becomes an 
important factor. The triphosphate is formed within virus- 
infected cells during the period of high plasma concentra- 
tions of penciclovir and then penciclovir-triphosphate, the 
antivirally active product, remains in these infected cells. 
Meanwhile, penciclovir itself will diffuse quickly out of the 
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uninfected cells. The long-lasting antiviral effect of penci- 
clovir both in cell culture (Boyd et ai, 1987; Vere Hodge 
and Perkins, 1989) and in mice (Sutton and Boyd, 1993) 
suggests that the maintenance of high plasma concentra- 
tion of penciclovir in patients may not be necessary. Link- 
ing this concept with the excellent plasma levels of penci- 
clovir achieved after oral dosing with famciclovir, it is likely 
that famciclovir will be effective at a lower dose and a 
lower dosage frequency than acyclovir in clinical use. 
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